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As biofuels started to have an important position in the world, it is worth to investigate the 
more efficient and effective way to exploit this source in developing and even industrial 
countries. Thermochemical conversion of biomass is considered as the most common way of 
energy utilization. At the same time, externally fired gas turbine plants appear as a rising 
technology in energy utilization from solid fuels. Integrating both direct combustion as one of 
the thermochemical processes and externally fired gas turbine technology is implemented in 
this research.  
Externally fired gas turbine technology application in providing energy as a distributed 
generation plants improves electrical grid. For instance, share in energy supply in peak 
periods, decrease transmission lines losses, and other technical aspects. Moreover, this type of 
energy has more reliability than some other traditional renewables, because it doesn’t depend 
on the weather changes like wind and solar energy. The technology is capable to use several 
types of biomass including agricultural residues, thus allowing for a broad field of 
application. 
However, its application in the small range is still not commercialized. To improve concept 
development, optimum design parameters, plant flexibility, and technical description are 
discussed for the very small range, considering also resulting efficiency losses.  
Externally fired gas turbine plant has the advantage of solid fuel flexibility. However, its 
performance is highly dependable on the selection of components. High temperatures, high 
rotational speed, and pellets feeding mechanism as well as ash are important aspects that 
should be carefully managed. This adds extra cost on the total investment, the thing that 
affects plant competition. 
Plant performance is tested under several conditions for better technical overview. Heat 
exchanger temperature difference (e.g. due to accumulated dirt) shows a considerable effect 
on the produced electrical power. This means a continuous cleaning is important to keep 
maximizing heat transfer though the heat exchanger, and turbine inlet temperature. It is also 
seen that the transient response of the plant is relatively slow, in addition to small fluctuations 
in steady state operation. This is related to the combustion behavior of solid fuel. Thus, 
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combustion process is currently the limiting factor for flexible operation of externally fired 
gas turbines.           
Mechanical power delivered from turbine and consumed from compressor is highly 
depending on isentropic efficiencies of both units and on temperature values at turbine inlet. 
For the reference case, compressor to turbine power is 67%, this is an indicator that 
compressor consumes relatively high power which reduces the delivered net power from the 
cycle. Higher output electrical power could be achieved when dealing with higher efficiencies 
for these components, as well as the electrical generator efficiency. 
Pressure and air mass flow through the clean cycle side are optimized to provide the 
maximum power. It is noticed that air mass flow is relatively small, around 0.02 kg/s for the 
reference case steady state. Such small mass flow requires small compressor and turbine sizes 
as well. Operating pressure ratio is registered to be around 3.5 for the reference case. Both 
values are mapped as a function of turbine inlet temperature.  
To accomplish the concept of flexibility, hardware-in-the-loop (HiL) is integrated beside the 
real combustion process. It serves in being more flexible in tuning plant parameters for 
several values, for instance, heat exchanger temperature difference, compressor and turbine 
efficiencies, and pressure and mass flow values. In addition, complex control of the overall 
system can be researched.  
Three different biomass types are tested: wood, straw, and torrefied pellets. Wood pellets 
combustion shows higher temperature values, while straw combustion shows the lowest one. 
By using this variation, the results of this study can be used for a broad range of agricultural 
and forestry residues. 
Jordan is one of the countries that suffer from energy problem. Investigating biomass as a 
solution beside other renewables leads to more diversity and more reliability in energy supply. 
Olive processing residues is one of the major biomass types in Jordan. By applying the 
concept of externally fired gas turbine, olive residues can be used in distributed generation 
units. These units can be mounted in small scale (e.g. at the olive mills) and be used to feed 
into the electrical distribution network. The cost of installing such system is higher than 
traditional ones which use liquid or gas fuel, but totally this difference in cost is compensated 
to a certain degree by the low fuel cost. Since the main cost is only for installing these plants 
and maintenance. Other biomass types could be also taken into consideration since the plant 
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applies the concept of fuel flexibility, leading to higher annual operation hours and lower 
power generation costs. 
Beside electrical generation, combined heat and power could be investigated with externally 
fired gas turbine plant. Exploiting heat energy at least partially compensates low electrical 







Aufgrund der Bedeutung von Biomasse als Energieträger ist es von Interesse, den 
effizienteren und effektiveren Einsatz dieser Ressource in Entwicklungs- und Industrieländern 
zu untersuchen. Die thermo-chemische Konversion ist eines der verbreitetsten Verfahren zur 
Energiebereitstellung aus Biomasse. Extern befeuerte Gasturbinen (Externally Fired Gas 
Turbine – EFGT) haben sich zudem als vielversprechende Technologie zur energetischen 
Nutzung fester Brennstoffe gezeigt. In dieser Arbeit wird die Kombination des thermo-
chemischen Prozesses der direkten Verbrennung mit der Technologie der extern befeuerten 
Gasturbine untersucht.  
Der Einsatz von extern befeuerten Gasturbinen zur dezentralen Strombereitstellung kann 
stromnetzstabilisierend wirken, beispielsweise durch die gezielte Bereitstellung von Strom in 
Spitzenzeiten oder durch verringerte Übertragungsverluste. Darüber hinaus weist diese 
Energiequelle eine höhere Zuverlässigkeit als andere erneuerbare Energien auf, weil sie nicht 
von den Wetterveränderungen wie Wind und Solarenergie abhängt. Die Technologie kann 
eine Vielzahl von Biomassen einschließlich agrarwirtschaftlicher Reststoffe nutzen, so dass 
sie in einem breiten Einsatzfeld verwendet werden kann. 
Allerdings ist die Anwendung im kleinen Leistungsbereich noch nicht kommerzialisiert. Zur 
Verbesserung der Konzeptentwicklung werden optimale Designparameter, Anlagenflexibilität 
und technische Beschreibung für diesen unter Berücksichtigung verringerter Wirkungsgrade 
diskutiert.  
Extern befeuerte Gasturbinen haben grundsätzlich den Vorteil einer hohen 
Brennstoffflexibilität. Allerdings ist ihre Leistung sehr stark von der Auswahl der 
Komponenten abhängig. Hohe Temperaturen, hohe Drehzahl und die Pelletzuführung sowie 
die Ascheentfernung sind wichtige Aspekte, die berücksichtigt werden müssen und sich 
negativ auf die erforderliche Investition auswirken. 
Eine technische Bewertung der Anlage erfolgt durch Variierung verschiedener Parameter. 
Wärmetauscher-Temperaturdifferenz (bedingt beispielsweise durch Verunreinigungen) zeigt 
einen erheblichen Einfluss auf die erzeugte elektrische Leistung. Dies bedeutet, dass eine 
kontinuierliche Reinigung wichtig ist, um die Wärmeübertragung durch den Wärmetauscher 
und die Turbineneintrittstemperatur zu maximieren. Es konnte zudem gezeigt werden, dass 
die Reaktion des Systems auf sprungartige Lastwechsel relativ langsam erfolgt, zusätzlich zu 
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kleinen Fluktuationen im stationären Betrieb. Dies hängt im Wesentlichen mit dem 
Verbrennungsverhalten von festem Brennstoff zusammen, d.h. dass der 
Verbrennungsvorgang derzeit der limitierende Faktor für die Flexibilität der extern befeuerten 
Gasturbine ist. 
Die mechanische Leistung, die von der Turbine geliefert und vom Kompressor verbraucht 
wird, hängt sehr stark von der isentropischen Effizienz der beiden Komponenten sowie von 
der Turbineneintrittstemperatur ab. Für den Referenzfall beträgt das Verhältnis von 
Verdichter- zu Turbinenleistung 67%, dies ist ein Indikator dafür, dass der Kompressor eine 
relativ hohe Leistung verbraucht, wodurch die abgegebene Leistung deutlich reduziert wird. 
Eine höhere Ausgangsleistung kann durch Komponenten mit höheren isentropischen 
Wirkungsgraden sowie durch einen Generator mit höherem elektrischen Wirkungsgrad erzielt 
werden. 
Betriebsdruck und Luftmassenstrom auf der Reinluftseite wurden bezüglich der maximalen 
Leistungsabgabe optimiert. Es wird festgestellt, dass der Luftmassenstrom mit etwa 0,02 kg/s 
für den Referenzfall im stationären Zustand relativ klein ist. Ein solcher kleiner Massenstrom 
erfordert auch kleine Kompressor- und Turbinengrößen. Das optimale 
Betriebsdruckverhältnis wurde für den Referenzfall auf etwa 3,5 berechnet. Beide Werte 
werden als Funktion der Turbineneintrittstemperatur abgebildet. 
Um das Konzept bezüglich seiner Flexibilität zu untersuchen, wurde das Hardware-in-the-
Loop-Konzept neben dem realen Verbrennungsprozess integriert. Es dient dazu, flexibler bei 
der Abstimmung von Anlagenparametern für mehrere Werte zu sein, zum Beispiel 
Wärmetauscher-Temperaturdifferenz, Kompressor- und Turbinenwirkungsgrade sowie 
Druck- und Massenstromwerte. Darüber hinaus ist es möglich, die komplexe Ansteuerung der 
Gesamtanlage zu untersuchen. 
Drei verschiedene Biomassetypen werden getestet: Holz, Stroh und torrefizierte Pellets. Bei 
der Verbrennung von Holzpellets wurden höhere Temperaturwerte im Abgasstrom gemessen, 
während bei der Strohverbrennung die niedrigsten auftraten. Durch diese Variation konnte ein 
breites und praxisrelevantes Einsatzspektrum mit hoher Relevanz für die Nutzung 
verschiedener Agrar- und Forstreststoffe untersucht werden. 
Jordanien ist eines der Länder, die unter Energieproblemen leiden. Die Untersuchung von 
Biomasse als Lösung neben anderen erneuerbaren Energien führt zu mehr Vielfalt und mehr 
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Zuverlässigkeit bei der Energieversorgung. Olivenverarbeitungsrückstände sind eine der 
wichtigsten Biomasse-Typen in Jordanien. Durch die Anwendung des Konzepts der extern 
befeuerten Gasturbine können Olivenreste in verteilten Erzeugungseinheiten eingesetzt 
werden. Diese Geräte können im sehr kleinen Leistungsbereich (z.B. in den Olivenmühlen) 
installiert und zur Einspeisung in das Verteilungsnetz eingesetzt werden. Die Kosten für die 
Installation eines solchen Systems sind höher als herkömmliche, die Flüssig- oder 
Gasbrennstoff verwenden, aber dieser Unterschied in den Kosten wird bis zu einem gewissen 
Grad durch die niedrigen Kraftstoffkosten kompensiert. Aufgrund der hohen 
Brennstoffflexibilität können auch andere Biomassearten berücksichtigt werden, so dass die 
Nutzungsgrade derartiger Anlagen erhöht und damit die Stromgestehungskosten reduziert 
werden können. 
Neben der elektrischen Erzeugung konnte die Kraft-Wärme-Kopplung mit einer extern 
gefeuerten Gasturbinenanlage untersucht werden. Die Nutzung von Wärmeenergie 
kompensiert zumindest teilweise den relativ geringen elektrischen Wirkungsgrad und hilft bei 
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1 Introduction and Problem Statement  
The hazards of decaying natural (non-renewable) energy resources in the world started to 
appear on governments and citizens, especially in areas which suffer from fossil fuel storage 
or non-oil producing countries in general. The solution approach for such problem is to 
investigate other resources such as renewables, in addition to improve their implementation. 
So many questions rise in this sector, which led to extensive efforts in renewable energy 
investigation. In order to add further step, this research focuses on biomass utilization. 
It’s clearly known that renewable energy sources like solar and wind forms are clean and free 
of achieving, but they are not dependable since the non-regular occurrence of wind and the 
absence of sun in the night. Geothermal energy and energy from dams can be considered as 
continues types. However, their influence is geographically limited in certain places.  
Biomass has interesting merits that encourage its exploitation. Along with reliable energy 
feeding, storage of raw material property enhances its investment. Agricultural crops residues, 
residues from processing agro-industrial plants, forests residues, and energy plants perform 
the main source of woody biomass. 
Biomass or bioenergy could be defined as the residues of plants and animals that results from 
the bio processes. The main source of energy is plant, since it contains the basic organic 
materials, and the energy which gained from the photochemical or photosynthesis process [1]. 
Energy achieved from biomass is basically in the heat form. The major question come in how 
to design an efficient conversion plant for better energy investigation. Efficiency, control, 
emissions, cost, structure complexity, and energy achieved are the main factors in 
determining the way of energy production. Application requirements are also important for 
this selection. Thermochemical conversion processes are the most promising in energy 
utilization from solid fuels in general. It is divided into three categories, gasification, 
pyrolysis, and combustion [2].  
Both gasification and pyrolysis require further installation before thermal energy form is 
achieved. Both conversion processes depend on producing gas to be combusted later. Direct 
combustion becomes more simple and direct for utilization. Noting that, the achieved energy 
from biomass is at the maximum when burned directly. Thus, direct combustion provides the 
maximum energy extraction with simple construction [1].  
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In spite of describing direct combustion as technically easier than gasification and pyrolysis, 
its selection still has further challenges. Especially when talking about designing a modern 
plant for energy generation. With technology development, many ideas were presented in this 
scope, gas turbines technology is one of the rising ideas.    
Gas turbine influence in Externally Fired Gas Turbine (EFGT) cycle adds a competitive idea 
in the scope of energy utilization from solid biomass. This is mainly due to the separation of 
combustion process from moving parts inside the setup. Additionally, there is no need for 
water as a thermal fluid, the thing that serves areas where water shortage is another challenge 
beside energy, or places which are far from water supply. EFGT is not a novel study, but it 
performs a promising concept for using gas turbines.      
Some point’s pours in biomass based EFGT technology like seeking of biomass investigation 
by the means of efficiency, reliability, flexibility, and costly effective. In addition, smart grid 
and dealing with distributed generations push the development of micro scale generation 
plants. Finally, EFGT has the merit of energy extracting from solid fuels where dirty 
combustion is handled. 
EFGT is presented mainly for medium and micro scale. Meanwhile, there is no exact 
definition for the ranges till now, researchers used to define their own limits. Unfortunately, 
there is no adequate technical coverage for very small sizes lower than 30 kWth. So the 
importance of this study comes from handling this range, for instance, 15 kWth. 
Previous points storm the mind to the main challenge in this research, and that is developing a 
very small plant which deal with biomass and use the concept of EFGT. The problem of such 
small size (i.e. 15 kWth) is the lack of study provided from literature. There the technical 
analysis were concentrated on much more plants power ranges (i.e. around 100 kWth). 
Previous researched concentrated on expecting efficiency values for such size. However, here 
more detailed overview of efficiency and energy production is presented. Several factors in 
plant design affect the operation and the ability of productivity like devices efficiencies (i.e. 
heat exchanger (HE), turbine, compressor, and burner). In addition, biomass type, pressure, 
and fluid flow. The discussion is not only about the previous aspects and parameters, it is also 
for optimizing plant design which adds an extra point in this research novelty. 
Technical challenges accompanied with EFGT biomass based plant come from the high 
combustion temperatures, difficult direct combustion controlling, pressurized fluid (i.e. air), 
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turbomachinery coupling, and high rotational speed. So in order to compromise between 
mentioned challenges and providing a modern study, the idea of using Hardware in the Loop 
(HiL) is exploited. This merge between real setups and dynamically modeled ones returns in 
many benefits, mainly, avoiding difficulties in practical installation and provide flexible 
operation. HiL opens the door to go further in plant description and scientific analyzing. HiL 
in EFGT is a novel idea here, since dynamic model is presented in the real time, which is 
different from normal simulation. Furthermore, plant control using HiL could be easily 
performed to meet demands requirements.  
Externally fired gas turbine cycle consists of some mechanical and thermal heat transfer 
devices, suitable sizes and common parameters are important. A major challenge in this 
research is determining those parameters to provide the optimum operation, and so the 
maximum output power.    
Flexibility in dealing with several biomass types is another goal, this make a spread concept 
of externally fired gas turbine cycle based on biomass types. In addition, the effect on 
environment is enclosed by determining the emitted gases, and an economical evaluation of 
the proposed system.   
Finally, integrating hardware in the loop concept in such plant is a pioneer idea. Applying this 
concept is a new confrontation in simulating real system in the real time operation. However, 









2.1 Biomass as a fuel 
Biomass history began from thousands of years in the form of using wood as a source for 
heating applications. In spite of discovering fossil fuel during the industrial revolution, 
bioenergy still has a great interest especially in the third world.  
Biomass concept means all organic materials that is maintained or produced basically from 
plants. Photosynthesis process in plant is responsible for producing plant material using sun 
light, water, and other components presented by soil. Energy gained from the biomass refers 
to the chemical bonds between molecules (oxygen, hydrogen, and carbon). These chemical 
bonds are from storing sun light as a chemical form in the plant. Energy is gained by breaking 
these bonds using oxidation such as in combustion systems (which will be discussed in this 
thesis), or by other processes like digestion or decomposition [1]. 
In general, biomass energy can be used in electricity generation, transportation and heating. 
Its processing in several applications serves the global warming as well. Since CO2 emitted 
from burning biomass is already consumed by plants which forms biomass itself [3]. 
The spread types of chemical components in the plants are structural and nonstructural 
carbohydrates and other compounds. Take into consideration other materials like cellulose, 
hemicellulose, lignin, lipids, proteins, simple sugars, starches, hydrocarbons, and ash. For 
comparison with other fuels, biomass has high oxygen content between 30-40 wt %, while  
carbon is the main content with a value of 30-60 wt %, and hydrogen has a share of 5-6 wt % 
in dry case [4]. 
The three main compounds of biomass are cellulose, hemicellulose, and lignin. Cellulose 
forms the main component of biomass and occupies 40-55% in wood and agricultural straw. 
Hemicellulose can be described as a support material for the cellulose fibers and composed 
elementary as in cellulose. Finally, lignin which provides more strength for the wood fibers 
and forms 15-35% of biomass weight [5].  
2.1.1 Biomass classification 
The source of biomass generally determines the type of solid biofuel. Referring to European 
standard (EN14961-1), there are four sub-categories for solid biofuel classification [6]: 
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1- Woody biomass, which are from trees, bushes, and shrubs. 
2- Herbaceous biomass, these plants are usually grows for one season and then die. 
3- Fruit biomass, this type is from plant parts which hold seeds. 
4- Blends and mixtures, which are biomass materials from different origins.  
The main goal of classification of solid biofuels is to allow comparing and identifying raw 
materials depending on their origins with the largest amount of information. Using simple and 
flexible tables lead customers and producers to the suitable selection of biomass type that 
corresponds to the needed fuel quality. 
2.1.2 Biomass properties 
Biomass characteristics depend on plants nature from which it produced. For instance, woody 
plant species have slow growth rate behavior, and consist of tightly bound fibers that provide 
a hard external surface. Herbaceous plants are perennial in general. They are described to 
have more loosely bound fibers that mean a lower proportion of lignin which binds cellulosic 
fibers together. Both previous types are examples for long-chain natural polymers [1]. 
Biomass description is important for application. This is achieved by defining it with respect 
to its properties. The main properties of the material during subsequent processing as an 
energy source are related to [1]: 
1- Moisture content 
Moisture varies with high ranges between different biomass fuels, and it has a great effect on 
the combustion process. Moisture is classified in two definitions, dry basis moisture (Mdb), 
and it is the mass of water in the feedstock per unit mass in the dry material. The wet basis 
moisture (Mwb), and it is the ratio of the water to the total mass (eq. 2-1)[4]. 
    
  
   
               
  
      
           
   
     
            
   




The lowest value of moisture is 2-3 wt % in char and paper as biomass based products. It 
could reach 98 wt % in primary material like sewage sludge [7]. 
2- Heating Value 
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Heating value is the amount of energy content in a certain material or heat value that can be 
achieved when burning the biomass material. Heating value is measured in term of energy 
content per unit mass or per unit volume (i.e. MJ/kg for solids, MJ/L for liquids and MJ/Nm
3
 
for gases). There are two forms for expressing the calorific value concept [8]:  
a) Gross calorific value (GCV) or higher heating value (HHV), here it is important to 
mention the moisture content in the sample (see eq. 2-2) [4]: 
          (     ) (‎2-2) 
And as shown it depends on the dry basis mater and the moisture content. 
b) Net heating value (NHV) or lower heating value (LHV) (see eq. 2-3) [4]: 
    (     ) [          (    
    
   
 )] (‎2-3) 
 
And it depends on the higher heating value, hydrogen concentration, and moisture content. 
The heat needed for water vaporization reduces the total output heat (see eq. 2-4): 
         ( )     [  
      
(     )      
] (‎2-4) 
 
3- Properties of fixed carbon and volatile matter 
Those are two forms of chemical energy stored in the solid material, the volatiles content 
(volatile matter) and fixed carbon. Volatile matter is known as that portion driven off as a gas 
with moisture content when heating up to 950 
o
C for 7min. While the fixed carbon content is 
the remains solid particles after the volatiles is removed and the ash is not included [1]. 
As an example, volatile matter content reach around 85 wt % in wood Western hemlock and 
Douglas fir, while the rest is mostly fixed carbon [7].   
4- Ash / residue content 
In all processes that convert biomass into energy, there is a natural influence of residues or 
ash, which make extra cost on handling and overall process in general. Woody biomass has 
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lower ash content compared with coal which could reach more than 10 %. Nevertheless, it is 
important for plant designing to prevent or minimize slagging and fouling effects [9].    
5- Bulk density 
Volume decides the storage and transportation conditions like sizing. But in order to know the 
heat content for delivered fuel, weight is necessary. It is calculated by knowing the bulk 
density. This method could not be very accurate due to the estimation of volume and 
differences in biomass sizes and compression level especially for pellets [10].    
Biomass has relatively low bulk density. The thing that causes some disadvantages like low 
heat content per unit volume, large storage area needed, and non-effective consumption 
investment specially when transporting for far places [11][12][13]. 
In general, the energy density of the biomass is law. Due to this point, deferent technologies 
should be used for effective energy production. Thus, different parameters of biomass should 
be determined [13] (Table 2-1). 
Table ‎2-1. Bulk density, calorific value, and energy density of different biomass samples [10] 





















Wood pellets 10.0 19.8 16.4 600 9840 
Wood chips 
(hardwood) 
50.0 19.8 8.0 450 3600 
Grass (high 
pressure bales) 




15.0 18.7 14.5 120 1740 
 
 Plants that can be used for bioenergy are spread around the world since the possibility of 
their growth in deferent conditions. But the most suitable plants are those which can be 
harvested easily by conventional methods. Because developing special machines is an 
expensive choice. Some examples on widely used energy crops are coppiced wood species 
 8 
 
(such as willow, poplar, and eucalyptus), miscanthus and canary reed grass. For future, energy 
crops can vary the pattern of using energy since it can be expanded for large scale not like 
other forms of other biomass resources[14]. 
Energy crops are those plants that convert solar energy into biomass form with an efficient 
way. For example, high yielding vegetative grasses, short rotation forest crops, and C4 crop 
plants that grow in a commercial scale. They can produce over 400 GJ/ha/yr in case of good 
growing conditions, and for achieving higher energy species should be selected correctly for 
meeting site conditions like weather and soil type [14].   
Ultimate and proximate analyses summarize biomass description for normal using. Here main 
components are presented in addition to heating values, so consumer can decide the suitable 
type for his requirements (Table 2-2). 
ISO 9001 quality management consists of quality planning, quality control, quality assurance 
and quality improvement [15]. EN 15234 standard covers fuel quality assurance and quality 
control is EN 15234 [6]. The goal of quality assurance is to insure that steady quality is 
continually achieved in accordance with customer requirements. 
Supplier should issue the quality of biofuel for the end user and his records should stands for 
at least one year regarding to EN 14961 [6]. 
Table ‎2-2. Ultimate and proximate analysis of various biomass fuels (dry basis) [5] 
Name Proximate analysis 
(wt%) 

















18.3 80.9 0.8 50.73 5.71 41.93 0.57 0.01 19.71 20.12 
Ponderosa 
pine 
17.2 82.5 0.3 49.25 5.99 44.36 0.06 0.03 20.02 19.66 
White oak 17.2 81.3 1.5 49.48 5.38 43.13 0.35 0.01 19.42 19.12 
Processed Biomass 






21.2 78.3 0.6 49.98 5.71 43.35 0.21 0.01 20.18 19.68 
Almond 
prunings 
21.5 76.8 1.6 51.3 5.29 40.9 0.66 0.01 20.01 19.87 
Cornobs 18.5 80.1 1.4 46.58 5.87 45.46 0.47 0.01 18.77 18.44 
Wheat 
straw 
19.8 71.3 8.9 43.2 5 39.4 0.61 0.11 17.51 16.71 
Sugercane 
Bagasse 
15 73.8 11 44.8 5.35 39.55 0.38 0.01 17.33 17.61 
Rice hulls 15.8 63.6 21 38.3 4.36 35.45 0.83 0.06 14.89 14.4 
Charcoal 


















70.3 19.2 10 76.1 1.33 11.1 1.02 0 27.6 26.75 
a) FC: fixed carbon. 
b) VM: volatile matter. 
2.1.3 Ash melting point 
Ash is produced due to the physical and chemical processes that happened to the inorganic 
mineral matter and elements during the combustion process [16]. The produced ash particles 
are important in designing aspects for heat exchanging surfaces and combustion chamber. In 
addition, the melting point of ash is necessary to avoid deposition problems. Once ash melts, 
the tendency to stick on the walls of heat exchanger and boiler increases, thus, ash should be 
dry and powdery [17]. 
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Potassium, sulfur, chlorine, and silica elements are important for ash characteristics, since 
their properties affect the melting point [18]. Potassium is existed in biomass as an organic 
form that vaporized and decomposed during combustion process, which results in forming 
oxides, hydroxides, chlorides, and sulfates. These compounds have low melting temperatures 
which cause a sticky layer on the walls due to the condensing of their vapor [18]. Sulfur 
affects depositing depending on the presence of other elements. For example, in woods that 
contain a high amount of calcium and potassium and low amount of sulfur, the production of 
deposits is low when burning alone. On the other hand, when the burning happens for mixed 
sulfur with other spices like manure or straw, the deposits will have a high amount of K2SO4 
and CaSO4 [18]. Chlorine determines from experience the total amount of alkali vapor 
products, both of them are important in predicting the deposits properties [18]. Finally, silica, 
that melts alone at 1700
o
C. But when being with alkali metals like potassium and sodium as 
oxides, hydroxides or metal-organic compounds then it will form a low melting eutectics [18].  
Ash melting is an important phenomenon for two main reasons. Firstly, it causes the 
formation of sinter layers on the grate, the bubbling fluidized bed (BFB), or circulating 
fluidized bed (CFB). Secondly, to obviate forming of deposits on the walls of the furnace or 
heat exchanger due to ash slagging. The existence of some elements like calcium and 
magnesium increases the melting temperature. On the other hand, some elements like 
potassium and sodium do the opposite by decreasing the melting temperature. If it is 
combined with silicon then low-melting silicates will be formed in fly-ash particles. A general 
view about ash melting temperatures is shown in table 2-3  [19]. 













Sphere Hemisphere  Fluid 
1 Pine 1190 1200 1220 1280 
2 Poplar >1400 >1400 >1400 >1400 
3 Wheat straw 850 1040 1120 1320 
4 Rice straw 860 980 1100 1220 
5 Olive stones 1030 n.d. 1090 1160 
6 Orujillo 1260 n.d. 1320 1330 
a) n.d.: not detected. 
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2.1.4 Olive processing residues 
An interesting type of biomass is olive processing residues. It has a good energy property that 
supports its influence. Thus, olive residues are an interesting and promising source of biomass 
[20]. Recently, olive production is registered to be 2,742,500 tons for the year 2015/2016 
worldwide. Mediterranean countries share this production with a very high percentage, 
approximately 97%. This concentration in Mediterranean countries encourage investment of 
olive residues to benefit in both removing solid wastes and energy utilization [21][22].  
Drawing out oil from olive is usually performed by both traditional pressing and two or three 
phase schemes centrifugation method [23]. Solid residues percentage depends on process 
used, for instance it is approximately 40% from pressing, 30-50% and 60-70% for three and 
two phases respectively, those residues have a high water content [24][25]. 
Water produced after processing includes organic acids, lipids, alcohols, and phytotoxic 
materials. Organic matter along with nutrients is useful for soil fertilizing. On the other hand, 
other contents perform a dangerous effect on environment [26].  
A compromised estimation of 25% could be used to expect the amount of dry residues from 
the total processed olive mass [27]. So referring to the total production, solid residues from 
olive could be estimated to be around 685,625 tons worldwide in 2015/2016, most of them in 
Mediterranean countries.   
Other treatment technologies like aerobic/anaerobic biological treatment, incineration, and 
gasification are associated with olive mill residues rather than direct combustion. Those 
processes could be ineffective technically or costly [28]. 
As byproducts, olive residues removing or treatment adds further cost related to the local 
availability with large areas [11]. In addition, Low bulk density makes it non-effective for far 
consumption investment. However, processing residues for energy utilization serves in 
reducing local wood consumption from forests. 
2.2 Combustion  
The most common thermochemical energy conversion processes used for solid biomass 
combined heat and power production are direct combustion (which is the used method in this 
research), pyrolysis and gasification of biomass [2][29]. Combustion appears with the 
advantage of non-selective fuel type compared with other processes [30]. Unfortunately, low 
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thermal efficiency, instability of heat load and slagging which are considered as challenges in 
biomass processing in combustion applications [2][31]. 
Combustion process could be defined as an energy extracting from fuel by burning in the 
presence of oxygen. Whatever the fuel form, energy is stored as chemical bonds. This process 
is simple in gaseous and liquid fuels, but it gets more complicated for solid ones [16].  Energy 
produced could be used for direct heating or commonly in power plants where steam is 
produced for electrical power generation [32].   
The overall combustion process consists of partial steps for the right and complete burning. 
These steps are drying, pyrolysis, and ignition, combustion of volatile matter, and combustion 
of the residual char (figure 2-1). In drying process, moisture is released at the beginning 
burning process. Better combustion performance could be performed by heating biomass up 
before burning. Since water could be easily adhere to the pellets from the surrounding 
medium, or it could be existed from manufacturing process. In pyrolysis, the organic material 
decomposes forming a gaseous product in heating stage, this step happens at a higher 
temperature than drying. After that, the ignition process starts the combustion, and the 
temperature is above the value at which the combustion evolves independently. Due to 
thermal equilibrium, temperature stays constant after ignition. Combustion of volatile matter 
is characterized by a very high reaction velocity, and so the burning time is achieved by their 
release and mixing with air. Finally, the combustion of the residual char happens for the 
remains after the volatile matter released, the remains consists of carbon and ash. Carbon at 
high temperatures is oxidized by oxygen, in general the combustion of solid char is slower 
than the homogeneous volatile matter combustion [16]. 
 
Figure ‎2-1. Combustion process in pulverized fuel firing[16] 
Another presented method of energy conversion is gasification. With gasification process, the 
combustion system deals with gaseous fuel. This gas is produced from solid biomass by non-
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complete combustion, then filtered, cooled, and finally combusted. This system needs further 
equipment’s which could add extra cost. Also produces gases are with lower heating value 
than the direct combustion [33][34]. 
Biomass combustion beside coal is a good way for reducing emissions of NOx and SOx, 
reducing cost, and soil pollution [35].  
2.3 Biomass (pellets) global potential 
Biomass has fairly good potential in covering the basic or primary energy requirements in 
some developing countries. Energy achieved is basically used for normal heating or cooking, 
in addition to the investigation for electricity supply as a promising solution in developing 
countries for future [36]. Biomass cover around 10-15% of the primary energy requirements 
[36][37]. 
Biomass is registered to be the fastest growing sector in renewables. For example, from 2010-
2012, biomass productivity has increased by 2320 PJ. On the other hand, photovoltaic and 
wind energy supply increases by 234 PJ and 645 PJ. World bioenergy association estimated 
the agricultural energy potential in the range between 13.1-122 EJ [38]. 
Being more specific with pellets production, we can see the increment profile since 2000 in 
figure 2-2. After 2014, wood pellets production increased fast to more than 25 million tons 
[39]. 
The estimated production in 2015 shows production sharing as well. Europe occupies the 
largest percentage with around 20 million tons, followed by North America, and Asia [39].   
Experts expect that additional supply of woody biomass could reach 400 million tons by 
2020, this is due to the renewable energy policy EU 2020 and the industrial pellets producers 
growth as well. Germany is considered as the largest European pellets producer so far. In 
2015, pellets price average was 0.233 Euro/kg. Prices in 2015 are registered by the Nordic 
Pellet Index (PIX) to be 132.5 Euro per ton for industrial and commercial use, and 128.9 Euro 
per ton for commercial use according to  the Pellet Price Index PPI 06 [40]. Wood pellets 





Figure ‎2-2. Global wood pellets production [39] 
2.4 EFGT technology 
Gas turbine could be defined as an energy transformation device, which is from flowing fluid 
form to rotating mechanical one. The rotational power form is needed for leading electrical 
generator [42]. For analyzing the thermal operation of gas turbine cycle, Brayton concept is 
used due to the presence of gaseous working fluid (air). Air is compressed  and  then 
expanded by the operation of the gas turbine after heat addition from the combustion process 
[43][44]. The continues improvment on gas turbines efficiencies present them as a 
competitive electrical generation units due to high power achievement from small sizes, lower 
initial cost, fuel flexibility, and it is not necessary to use water for cooling [45]. Further 
advantages are added to EFGT like low operational cost, high life time and reliability, 
relatively high energy efficiency even for small sizes [46][34].  
The first registered closed-cycle gas turbine was in 1935 for Prof.Keller – Zurich with 2 MWel 
and turbine inlet temperature (TIT) of 660 °C, efficiency reached more than 30% when TIT 
reaches 700 °C. This starting is followed by many plants that use air as working fluid. Mainly, 
in the period between 1960 and 1982 Oberhausen I closed cycle plant worked in Germany 
with 14 MW in combined heat and power system [47]. Several studies, plants and test 
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facilities handles currently EFGT concept summarized by Z.A. Zainal et al. [48], like the 
biomass fueled 50 kWel (800 °C Turbine Inlet Temperature (TIT)) developed by Talbott, UK  
[49].  
The extrapolation of TIT trend improvement generated by McDonald in figure 2-3 still 
acceptable, it shows a significant increase after 1995 especially for open gas turbine cycles.  
This trend is fairly limited for closed cycle due to the material of heat exchanger technological 
availability [47][50]. 
F. Jurado et al. [51] provided a comparison between Fixed Bed Gasifier-Gas Turbine ( FBG-
GT) and EFGT for electrical generation along with heat, it was based on olive tree leaves and 
prunings. System capability is about 30 kWel, the proposed system model shows that it is 
possible to reach 30 kWel and 60 kWth, the achieved electric efficiency and overall efficiency 
for EFGT  are (19.1% and 59.3%), which was higher than gasification system (12.3% and 
45.4%). Further study provided on the effect of pressure ratio, inlet air temperature for 
preheating, and hot side temperature difference on efficiency. 
 
Figure ‎2-3. Gas turbine inlet temperature trend [47][50] 
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J. Karl in [52] provided the efficiency related to common power machines. Gas turbines in 
general have efficiency of around 20% to 38% for power sizes of 20-200 MW. But when 
moving to micro sizes, their efficiencies will be even lower than 20%. Combined heat and 
power systems have higher efficiencies, for instance, a plants more than 200 MW can have 
60%.  
EFGT has merits that make it more competitive than other systems, mainly, flexible fuel 
option, low maintenance and cleaning costs [53][54]. Also it comes a good choice in places 
which have water shortage, that is due to independent operation of water use for cooling [55]. 
Using gaseous medium instead of liquid one add further point in EFGT advantages, that is 
faster start-up and shut-down operations. So combustion process controls mainly or dominant 
[56].  
Several studies were provided on EFGT especially micro scale. M. Kautz et al. [57] discussed 
the effect of gas-air heat exchanger performance on cycle efficiency and power generated 
which was about 100 kWel. The maximum electrical efficiency reached 44% for more than 
1250 K TIT and at lowest temperature difference in the heat exchanger and TIT. Pressure 
drop influence a slight effect on the electrical efficiency when variating from 0 to 0.2 bar. 
Additionally, it is concluded that the design and material the heat exchanger is important 
especially for high temperature values, in spite of high cost of such design, the using of waste 
biomass will compensates extra costs. 
A.M. Pantaleo et al. [34] provided a thermo-economic assessment of EFMGT fired by natural 
gas and biomass, he discussed the dual mode by ranging sharing percentage to 100% for both 
fuels. The suggested plant is in the range of 100 kWel, it shows an electrical efficiency of 30% 
for 100% natural gas fuel share and 19.2 % for 100% biomass fuel share.  
The performance of stainless steel high temperature heat exchanger was also discussed by 
Z.A. Zainal et al. [58] which is placed in an EFGT cycle were a biomass gasifier combustor is 
used for thermal power.  The effectiveness of the heat exchanger decreases from 68% to 60% 
with air temperature increasing from 210 °C to 450 °C, the same behavior applied with 
changing air mass flow from 0.095 to 0.099 kg/s.  
Z.A. Zainal et al. [53] also discussed the startup operation of turbocharger in EFGT mode 
using gasification method in his project. Two configurations of starting up are tested, the first 
one is by using air blowers (5.5 kW and 7.5 kW), and the second one is by using the 
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compressor of the turbocharger. Air blowers method provided higher mass flow but lower 
pressure than the compressor in the second method. It is concluded that compressor using in 
the second method is not sufficient for starting up EFMGT and the only proven method is by 
using a high speed mechanical motor at the beginning. 
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Typical systems that follow Organic Rankine Cycle (ORC) and EFGT have efficiencies in the 
range between 10-20%. It is also possible to have higher efficiency for EFGT cycles, 
approximately 25% [59]. A general expectation of such cycle’s efficiency for the range up to 
250 kWth could be made between 10-20%. For this research size lower values could be 
achieved [59] [60][61][62] [63]. 
Main previous researches are grouped in table 2-4, where efficiency, power, pressure, and the 
inlet turbine temperatures are the main values for comparison and validation later. 
EFGT is a promising choice for the developing of medium and small ranges of generation, 
this is mainly due to its ability to handle various fuel types, including ones with suboptimal 
combustion properties [48][67]. Literature concentrates mainly on technical and economic 
aspects of EFGT for the range more than 100 kW. Also previous studies discussed EFGT in 
heat recovery for higher efficiency and high temperature heat exchanger with their thermal 
analysis [69][71][48][67][55][33][72][57].    
The general concept of EFGT cycle is not a novel study. However, development and 
improvements are handled in design and considerations regarding each device. Also it comes 
in the envelope of optimum total design for maximum benefit. So the discussion in the 
following sections is about elements design and their operational conditions, in addition to 
determining common parameters. 
2.4.1 Gas turbine technology 
Gas turbine is a term also for the combination of compressor, combustor, and turbine. The 
combustion process is performed internally when dealing with gaseous and liquid fuel (clean 
combustion). Previously, it was not efficient for electrical generation compared with other 
systems like steam turbines power plants. The improvements steered the efficiency to be 18% 
at the beginning of commercial versions (1939 Neuchatel gas turbine) [56]. Due to its 
importance, it worth’s to have a look on turbine application and its development in further 
applications.   
The increasing dependence on gas turbine in electrical generation sector is due to several 
points. Firstly, increase natural gas production serves majorly in introducing gas turbine 
technology.  Second, gas turbines can share positively in CO2 reduction, the thing that serves 
in global warming problem solving, and policies influence on industrial countries regarding 
this point [60].  
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The use of gas turbine in combined heat and power (CHP) has many advantages compared 
with other technologies. Produced waste heat is relatively high in a way could be investigated 
in second loop of generation or domestic heating for efficiency improvement, lower weight 
for the same power compared with others, lower maintenance and capital costs, relatively 
flexible and reliable with short starting and transient time, possibility of handling dual fuel, 
rugged operation, and once again, more friendly for the environment especially CO2 
emissions compared with liquid and solid fuels [73]. 
Some turbines are designed to operate with different fuels, a good example is Capstone gas 
turbines. In addition to natural gas, liquid fuel, and biogas could be used. This enhances the 
exploitation of renewable concept from waste biomass. An overview of gas turbine 
construction is shown in figure 2-4 [74]  
 
Figure ‎2-4. Open overview of Capstone gas turbine [74] 
2.4.2 EFGT cycle 
In contrast with normal gas turbine cycle, in which combustion is performed internally, EFGT 
performs the combustion process separately from the moving parts inside the cycle (see figure 






Figure ‎2-5. The schematic diagram of EFGT cycle 
The thermal concept could be explained as the following. Thermal power is converted with a 
certain percentage to electrical or mechanical one. At this point, turbine is the related device 
for this conversion. Obviously, the power delivered from the turbine should cover the 
compressor need and an abundant power to the generator.     
Heat addition system design depends on fuel type, for instance, liquid, and gaseous fuels are 
simpler than solid ones. Furthermore, solid fuel shape also should be considered, for example 
pellets is easier than woody ships or cakes. Since this research is interested in biomass fuel, 
pellets are the selected shape, a detailed description will be discussed in the related sections. 
It is possible to have two design configurations of EFGT, open and closed loops (figure 2.6). 
In closed loop, the turbine hot stream output is cooled and re-entered to the compressor. 
Cooling is done simply by another heat exchanger, heat transferred in this case could be 
continued to be exploited in recovery stage or heating purposes. 
Closed loop is common in Rankine cycle where water is the working fluid. This closed path 
increases the cycle efficiency by increasing the benefit of the rejected heat amount.  In open 
loop, compressor entrance air is independent from the hot rejected air. It is easily to be 





Figure ‎2-6. Open and closed loop Brayton cycles 
   
Figure ‎2-7. The standard Joule Thomson (Brayton) cycle[75]. 
Referring to the cycle relations and T-S diagram in figure 2-7 compressor performs an 
isentropic operation from 1-2, the same thing applied on turbine from 3-4. On the other hand, 
heat addition and rejection in 2-3 and 4-1 respectively are isobaric processes. If the ideal gas 
is assumed to be the working fluid in cycle, then the amount of heat enters and leaves the 
cycle is [16]: 
              (     ) (‎2-5) 
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The work done by the compressor during 1 to 2 is: 
            (‎2-7) 
The work gained from the turbine during 3 to 4 is:  
           (‎2-8) 
And the net achieved work from this cycle is: 
               (‎2-9) 
The efficiency for Joule – Thomson process is: 
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  (‎2-10) 
It is clearly seen that the efficiency of the gas turbine plant depends on the difference in 
pressure ratio, any variation on the pressure ration affects the temperature    in a direct 
proportion. Once the efficiency calculated by pressure values, the input heat by the operation 
of the combustion chamber can be easily calculated by:  
    
   
   
 (‎2-11) 
But for the real process of the gas turbine, irreversibility leads to a deviation from the ideal 
cycle. This irreversibility applies on the combustion chamber and on the turbine as well, the 
deviation is also caused by the flow passages and combustion chamber or in the heat 





Figure ‎2-8.  Effect on inefficiencies on the gas-turbine cycle [16] 
The achieved isentropic compressor and turbine efficiencies are [16]: 
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2.4.3 Heat exchanger 
Heat exchanger (HE) is important for the thermal heat transferring. Due to the influence of 
high temperature values of the combustion, it is important for the heat exchanger to stand at 
these values. So many researchers coincide the use of ceramic heat exchanger 
[76][77][55][67][78]. Pressure drop and effectiveness are considered to be the main points in 
designing the heat exchanger [57]. But later it is seen that pressure drop doesn’t have a great 
effect on the electrical output power. On the other hand, effectiveness has a great effect on the 
output power. This could be improved by increasing the heat exchanger area [70].  
Heat exchangers are widely used in the industry since the heat presence in manufacturing, 
power generating, heating, and cooling. For that, it is worth to mention the several types and 
classes of heat exchangers. The wide variety is due to the applications conditions like 
temperature levels and pressure, the shape and separation between streams are also important 
for fluid flow (table 2-5)[79]. 
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1. Tubular 1.1 Double pipe 
1.2 shell and tube 1.2.1 Cross flow to tubes 
1.2.2 Parallel flow to tubes  
1.3 Spiral tube 
1.4 Pipe coils 
1. Plate type 2.1 Plate Heat 
Exchanger 
2.1.1 Gasketed 
2.1.2 Welded  
2.1.3 Brazed 
2.2 Spiral 
2.3 Plate coil 
2.4 Printed circuit 
3 Extended 
surface  
3.1 Plate fin 
3.2 Tube fin 3.2.1 Ordinary separating wall 




4.2 Fixed matrix 





1 Single pass 1.1 Counter flow 
1.2 Parallel flow 
1.3 Cross flow 
1.4 Split flow 
1.5 Divided flow 
2 Multi pass 2.1 Extended 
surface 
2.1.1 Cross counter flow 
2.1.2 Cross parallel flow 
2.1.. Compound flow 
2.2 Shell and tube 2.2.1 Parallel counter flow  
m- shell passes 
n- tube passes 
5.2.2.2 split flow 
5.2.2.3 Divided flow 
2.3 Plate Fluid 1 m passes 
Fluid 2 m passes 
 
HE is a key component in EFGT biofuel based plant, that is due to the high combustion 
temperature (in combination with elevated pressure) and the aggressive behavior of the flow 
gases that cause oxidation, surface corrosion and erosion [80]. From several classifications 
and types of heat exchangers, shell-tube HE is selected for the application of this research as 
in [57][53]. Shell-tube type is the most suitable one due to its ability to operate in high 
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temperature conditions, the design can withstand fouling caused by combustion, and its 
thermal stress reluctance [58]. 
The suitable heat exchanger for EFGT operation should meet several demands for the right 
operation. The drawn particles from air, ash fractions, and other dirt are considerably 
dominant with time, especially for narrow HE streams. This problem appears by blocking the 
gas flow which affects the generated power. On the other hand, if the streams are separated by 
large distances, then the amount of heat transferred will decreases because of the increments 
in flow speed. Also, when high temperature is reached, the material became weak. The 
solution is by increasing the thickness of the material or by establishing a special room for 
thermal expansion. As previously mentioned, the most suitable type for this work is shell-tube 
type since it provides a complete insulation between the exhaust gases and air, also it can be 
designed to fit the flow, high temperature, fouling and blocking problems, which for example 
the plate type can’t meet, and regenerator type as well, see figure 2-9 [58].   
 
Figure ‎2-9. Shell – tube heat exchanger [53]. 
Two configurations related to shell-tube HE, parallel and counter flow. Each has temperature 
behavior, and the selection depends on the application. For instance, TIT in our research 
should be as maximum as possible, so countercurrent or counter-flow applies this 
requirement, and that is since (t2) is as near as possible from the flue gas (T1) (figure 2-10). 




Figure ‎2-10. Countercurrent and Co-current operation for a shell and tube heat exchanger 
[81] 
From the basic definition of the total heat transfer coefficient and mean temperature, the local 
heat transfer rate in the exchanger is as in eq. (2-12) [79]: 
        (‎2-14) 
Where: 
q: total or local (whatever appropriate) heat transfer rate in an exchanger. 
U: overall heat transfer coefficient. 
   : The mean temperature deference. 
A: Total flowing area 
    
       
  
   









Figure ‎2-11. Counter flow HE temperatures [82] 
Number of transfer units (NTU) method depends on relation between effectiveness and NTU, 
each HE configuration has special relation, for instance, shell-tube HE NTU and effectiveness 
are given in eq. 2-13,14 [82].     
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 (‎2-17) 
The next step is to find heat capacity for both hot and cold streams, depending on mass flow 
( ̇   ̇ ) and specific heats. 
    ̇      
    ̇      
Then using the minimum heat capacity we can find the maximum possible heat to be 
transferred, where then the actual heat transferred is calculated. Finally, both outlet 
temperatures are calculated heat transferred equation.   
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Heat in the steady state operation is transferred from the hot side to the colder one by 
convection. Heat transferred by conduction happened through the wall, after that, subsequent 
convection from the wall to the cold fluid. It is a normal phenomenon of forming a fouling 
film on the heat exchanger walls during long time operation. These accumulated deposits 
from the fluid or from the chemical reaction products, or rust formation between the fluid and 
the wall has a high thermal resistivity. Thus, they affect the rate of heat transferred and the 
overall efficiency. This film taken into consideration in calculations by representing it by 
fouling factor         , where     is the heat transfer coefficient from fouling [79]. 
2.4.4 Compressor 
Compressor type selection is related to the application. Thus, in case of high flow rate is 
required, axial flow compressors are used. On the other hand, high pressure applications with 
relatively low flow rate (as for our case), centrifugal compressors are the suitable ones for this 
purpose [83].    
Compressor efficiency is an important factor in cycle modeling. The instantaneous isentropic 
efficiency varies with pressure ratio, as in eq. (2-16), as well as the specific heat ratio.  
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  ] (‎2-19) 
Compressor efficiency decreases with pressure ratio increase, it is also noticed that it is highly 




Figure ‎2-12. Compressor efficiencies  
For practical application, compressor efficiency is determined from literature. This step is 
important for estimating the real value in the desired model (table 2-6). 
Table ‎2-6. Compressor efficiencies from literature 
Compressor efficiency % Reference  
62 Pritchard,D. [49], Matthiat Betsch [84] 
87 Datta et al. [69] 
70 Baina, F. et al.[85] 
80 Al-Attab, Zainal [53] 
76.8 Kautz et al. [57], de Mello et al. [70] 
79 Vera D. et al. [86] 
80 (polytropic) Cocco,D. et al. [55] 
74 Vidal, A. et al. [87] 
87 Tahmasebi, A. et al[88] 
  
Compressor design depends on its operational circumstances. In addition, the geometry 
selection is important to meet the desired pressure and mass flow that are suitable for plant 
size. The required compressor power is a function of pressure ratio, input temperatures, mass 
flows, and specific heats [89]. 
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  ] (‎2-20) 
And cp comes as a function of temperature, an average value could be taken in the middle 
point of HE. The same thing applied on cv and k as well see eq. 2-18 and graph 2-13 [75] 
             
     
  (‎2-21) 
Where    ( )     , constants from table A.6  [75] 
 
Figure ‎2-13. Specific heats variation with temperature 
2.4.5 Turbine 
Radial flow turbines are suitable for low flow rates rather than axial ones [83]. It is important 
for realistic operation that turbine parameters are carefully adjusted. As for compressor, 
turbine isentropic efficiency is a function of pressure ratio and specific heats ratio (eq. 2-19)   
[90]. 
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In contrast with compressor, turbine isentropic efficiency increases with pressure ratio 
increase (figure 2-14). It is noted that turbine efficiency is affected slightly lower than 
compressor efficiency at high pressure ratio values. 
 
Figure ‎2-14. Turbine efficiencies 
Efficiencies that are handled in literature are summarized in table 2-7, it is noted that turbines 
can have relatively high efficiency values. 
Mechanical power generated from turbine is dependable on its efficiency, flow rate, TIT, 
pressure ratio, and specific heats ratio as well [89]. 





   
 )
] (‎2-23) 
In turbine modeling, it is important to find out the rotational speed. As mentioned previously, 
the expected speed for such range could exceed 100,000 rpm. For practical application, radial 
flow turbine is the suitable type (figure 2-14). 
The specific work provided by the turbine could be given as a function of blade speed and 
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Polytropic efficiency = 0.6
Polytropic efficiency = 0.7
Polytropic efficiency = 0.5
Polytropic efficiency = 0.8
Polytropic efficiency = 0.9
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This is also given by the typical expression as the following: 
              (‎2-25) 
Table ‎2-7. Compressor efficiencies from literature 
Turbine efficiency % Reference  
80 Pritchard,D. [49], Matthiat Betsch [84] 
89 Datta et al. [69] 
77 Baina, F. et al.[85] 
82 Al-Attab, Zainal [53] 
82.6 Kautz et al. [57], de Mello et al. [70] 
80 Vera D. et al. [86] 
85 (polytropic) Cocco,D. et al. [55] 
89 Vidal, A. et al. [87] 
89 Tahmasebi, A. et al[88] 
 
Having a look on velocity vectors shown in figure 2-15,    and    must be large. On the other 
hand    and    must be small as possible, and this is achieved by turbine outlet design. As a 
result for that the exit swirl could be neglected and     is approximately equals   , so the 
work becomes in eq. 2-22: 
      =   
  (‎2-26) 
The fan velocity u is a function of the angular peed and the mean radius of the fan. 






Figure ‎2-15. Radial flow turbine and velocity diagrams [83]. 
2.4.6 Turbocharger 
Turbochargers have a great interest recently, especially in diesel engines performance 
developing aspects. This importance comes from their rule in achieving more power from 
lower engine sizes [91]. Normally 30-40% of the energy provided by the fuel for the 
combustion in diesel engines goes in the exhaust as waste, so the idea from the Turbocharger 
usage is to improve the engine efficiency by exploiting the exhaust gases and transfer it to 
mechanical or electrical energy [92]. 
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For instance, it is known that the combustion process inside the engine is highly dependent on 
the amount of air enters inside for burning. The normal pressure outside is near 1 bar (for sea 
level), while the least value of the pressure needed to push the air should be higher than that. 
Enhancing breathing operation is obtained by installing the turbocharger which operate as a 
compressor to increase the inlet air depending on the exhaust energy [93].  
A cutaway shown in figure 2-16 illustrates the main components of the turbocharger, it 
operates as a turbine, and a compressor in the same time connected with one shaft. Turbine is 
connected to the exhaust of the engine, once the hot gases enter the turbine, the housing is 
filled with the exhaust gas leading to a static pressure moves to the tip of the blades on the 
wheel, the movement from high pressure area to a lower one drives the turbine to rotate [93]. 
On the opposite side is the compressor which is connected mechanically with the turbine and 
rotates with it while the exhaust gases are flowing. The compressor function is to absorb fresh 
air by the compressor wheel and accelerate it to leave with higher pressure and speed for 
better engine feeding [93].  
 
Figure ‎2-16. Cutaway photo of the turbocharger [93] 
It is important to have the right turbine -to - engine size to avoid the mismatch between the 
both parts, since the lower size of the turbine could lead to a high boost pressure or on the 
other hand could cause an excessive back pressure, also higher size will not rotate on the 
desired demand so it would be useless [93].  
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Turbines in turbochargers are either radial flow or axial flow. Axial turbines are used in 
applications where large flow is needed, as in marine applications, it weight about 15-35 kg 
and has a rotational speed up to 35,000 rpm. On the other hand, radial flow turbines are used 
in automotive applications, where lower air flow values are existed. A typical weight around 
1 kg of radial flow turbines with rotational speeds more than 100,000 rpm [94].   
After having a look on turbocharger principle, it could be a good investment in EFGT cycle 
biomass based plants. By this configuration, compressor absorbs mechanically the needed 
power for generation from turbine instead of using a separate compressor. 
Turbocharger employment adds further efforts technically, it need to be started by extra motor 
(i.e. the generator itself could be used in this case as a motor in the beginning) or blowers, 
compressor and turbine operations should be synchronized considering each performance 
map, and high rotational speed. 
It is useful to note that in case of dealing with turbocharger configuration, its efficiency is the 
ratio between both compressor and turbine powers (eq. 2-23) [53] 
                  
  
  
      (‎2-28) 
2.5 Hardware in the Loop (HiL) 
Hardware-in-the-Loop (HiL) is a new concept developed in order to overshoot complexity 
and time in industry or scientific research. It means to replace some setups in the system by 
their model. Thus, it is a kind of simulation in the real time with the mathematical 




Figure ‎2-17. HiL position in a system 
Inaccurate results are considered as one backward of normal simulation. In contrast with that, 
HiL interaction with real system provides more reliability due to real time operation. This 
emulation of replaced parts helps in avoiding risks if the real parts are installed, so it gives the 
feature of determining safe operational conditions. Another benefit is performing complete 
control on the rest system [96]. 
For the purpose of this research, HiL is used to replace some devices like compressor and gas 
turbine. And since the purpose is not discussing the deep aspects of both devices, HiL comes 
as the best solution to provide a complete study of the plant. The main parameters of both 
devices are introduced so any real research can handle those results for optimum compressor 
and turbine design. High rotational speed, electrical generator coupling, high frequency 
current, and vibration are considered the main difficulties concerned with real compressor-
turbine operation. 
Additionally, high temperatures are expected from dealing with biomass pellets combustion, 
also high fouling effect. The reasons that need a special heat exchanger design that also 
capable to deal with pressurized fluid. HiL implementation in modeling heat exchanger 
overcomes the previous challenges. Not only that, operational conditions could be easily 
presented, and we can see the effect of changings during operation like accumulated dirt’s on 
the total plant power productivity.   
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3 Methodology   
The total system discusses technically a micro scale EFGT plant for electrical power 
generation as a distributed (on-load) plant. Electrical power, temperatures, emissions, 
efficiency, and response to load changing are mainly presented by the means of flexibility and 
optimum operation. In addition to testing another pellets for wider knowledge on the effect of 
dealing with different biomass types.   
Three types of pellets will be tested experimentally, wood, torrefied wood and straw pellets in 
order to have a better view on the plant behavior for different biomass types. Wood pellets are 
used as a reference case since it is the common type, torrefied wood and straw have high and 
law heating values respectively, the thing that makes other types within expected results. 
Additionally, transferability of research on the specific Jordan context has been researched by 
using olive processing residues characteristics in Aspen plus model (figure 3-1). 
3.1 Flow sheet simulation  
In order to have a clear idea for the complete process and specify the optimum operational 
parameters, it is important to model the whole process. Aspen plus simulation tool is used for 
this purpose, see figure 3-1
1
. 
Aspen plus is a flow sheet simulation tool in process engineering where chemical and 
mechanical processes are modeled. Further information on flow sheet simulation and power 
can be found in literature [97][98][99]. Biomass is defined as a non-conventional (NC) 
material where both ultimate and proximate analyses are used as entries, in addition to the 
combustion yields. The produced heat continue to be exploited in energy production by the 
turbine model after heat transfer process that done by HE model, details will be discussed in 
each relative part.  
 
                                                 
1
 For consistent content, streams abbreviations will be used as subscripts in the whole document. CO could be 




Figure ‎3-1. Complete model in Aspen plus 
It is necessary to notice that Aspen plus power analyzing approach is used for mapping 
generation, also plant optimizing. Results may vary a little from experimental results, which 
refer to using advanced approach in Aspen for some parameters like gases specific heats and 
densities. Thus, temperature shifting of 10-20 K can happened on HE, in other words, 
changing the heat exchanger difference (HED) a little bit by the program itself to prevent 
temperature crossing can cause errors.  
3.1.1 Combustion 
The stoichiometric reaction is the first step in combustion discussion. Theoretically, the 
reaction formula of biomass combustion can be achieved as the following when burning 
stoichiometry [100]:  
           (        )
      
→                      (‎3-1) 
Where: 





















                        
 
 
And for each biomass type, the following equations describe the related combustion equation:  
Olive 
                                   (        )
      
→                          
           
Wood 
                           (        )
      
→                           
Straw 
                                    (        )
      
→                          
           
Torrefied wood pellets 275°C 
                                   (        )
      
→                         
           
From the previous equations, the general frame of the products is clear, but solid fuels in 
general contains inorganic matter that doesn’t react with a high percentage, oxidize, or 
becomes liquid as a shape of fouling or slag [34][33][34][33][34][34][35][26]. CO produced 
mainly in two cases, first, not enough oxygen during combustion, second, low temperature 
provided to the reaction where CO  CO2. As SO2 is produced, it is possible to be oxidized to 
SO3, or it could perform sulfuric acid which can cause some problems to the combustion 
system. Additionally, NO represents the major component in NOx compounds (NO, NO2, 
N2O), the formation of NOx is due to nitrogen oxidization (which either existed in the fuel or 
from combustion air) at high temperatures [32]. 
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Wood combustion process passes throw stages, starting from drying, pyrolysis, combustion of 
evolved gases, and finally carbon dioxide oxidation. Table 3-1 shows the four stages and the 
temperature ranges for each one [8]. 
Table ‎3-1. Temperature ranges in combustion stages [8] 
Stage Temperature 
Drying 288 – 373 K 
Pyrolysis 373 – 475 K 
Combustion of evolved gases 475 – 775 K 
Oxidation of carbon Above 775 K 
  
Noting that for the range from 553 K to 775 K heat is produced from gases reactions, at this 
stage carbon dioxide and water vapor are highly produced followed by flame ignition. After 
all gases and tars are withdrawn, carbon (or charcoal) remains to be combusted after that [8].  
Char combustion or gasification happens following group of reactions summarized by H. Hurt 
and M. Calo in [101], and for heterogeneous reaction with water vapor and carbon dioxide et 
al. Y. Haseli [102] and [103]: 
          ⁄        (                ) (‎3-2) 
          (‎3-3) 
             (‎3-4) 
Water is produced mainly from the following reactions [104]: 
                (‎3-5) 
                (‎3-6) 
      ⁄         (‎3-7) 
 
Thermal formation of NO could be represented using the following reactions [105]: 
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           (‎3-8) 
            (‎3-9) 
           (‎3-10) 
The stoichiometric equation is obtained from ultimate and proximate analysis and the heat 
produced as well, see table 3-2. 















    
Fixed carbon 15.5 18.27 17.4 22.75 
Volatile matter  84.2 72.5 77.3 75.6 
Ash 0.3 9.23  5.33 1.65 
Total 100 100 100.03 100 
Ultimate analysis     
Carbon 51.2 46.3 52.5 54.5 
Hydrogen 6.28 5.33 7.02 5.84 
Oxygen  42.394 47.407 39.39 39.034 
Nitrogen 0.12 0.74 0.86 0.58 
Sulfur 0.006 0.223 0.23 0.046 
Total 100 100 100 100 
HHV (MJ/kg) 20.380 17.75 21.66 21.58 
LHV (MJ/kg) 19.06 16.62 20.15 20.35 
    
In Aspen Plus, the combustion part is performed by using two reactors, RYield and RGibbs as 




Figure ‎3-2. Combustion model in Aspen 
Ryield reactor used when the stoichiometric reaction is not known, the reactance’s, and the 
products are given without any need for the kinetics. RGibbs reactor performs the chemical 
equilibrium by minimizing the Gibbs free energy. Since biomass is considered as a 
nonconventional component, RGibbs reactor can’t do the energy calculations, as a solution 
the RYield reactor is placed before RGibbs to convert biomass to constituent elements [106]. 
The residues components yields (mass basis) in are shown in table 3-3 for RYield reactor. 
Table ‎3-3. RYield reactor components yield values 
Components Olive Wood  Straw Torrefied 
N2 0.00756945 0.0011409 0.0067747 0.00544167 
O2 0.34847505 0.40306 0.4340108 0.3662245 
H2O 0.0655 0.0464 0 0.0463 
C 0.4644465 0.48678285 0.42387622 0.51132956 
S 0.0020559 0.00005704 0.00204156 0.00043158 
H2 0.06214425 0.05970696 0.04879612 0.00544167 
Ash 0.04980885 0.00285224 0.0845006 0.01548062 
Sum 1 1 1 1 
     
The flue gas components are performed by specifying the expected products in RGibbs 
reactor, the components are (Cpure solid, CO2, N2, H2O, O2, H2, CO and SO2). Heat stream is 
necessary between both reactors to transfer the heat of reaction to RGibbs. Finally, by adding 
SSPLIT the ash component is separated from the flue gas stream. 
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Air stream is necessary to complete the reaction in RGibbs, it is adjusted in order to keep a 
specified value of combustion temperature (i.e. controlling air to fuel ratio AFR or 
combustion lambda)     
The excess air factor ( ) can be calculated by eq. 3-11 [4]: 
   
   
    ⁄
(       ⁄ )             
 (‎3-11) 
3.1.2 Modeling parameters 
To study the cycle behavior with deferent parameters values, it is necessary to have a 
reference case. By using the sensitivity tool in Aspen, it is possible to make a kind of 
optimization by replacing a single value with a range with steps. For instance, pressure (p) is 
variated from 1.4 to 8 bar with a step of 0.3 bar, air mass flow through the compressor ( ̇   ) 
is also variated from 0.001 to 0.045 with a step of 0.001. At each mass flow step pressure is 
variated with the given range. This process is at one TIT, the maximum power is registered, 
and the complete process is repeated for another TIT values. 
Table ‎3-4. Reference case parameters [64] 
General Parameters 
Ambient temperature 300 K 
Operating pressure 4 bar 
Air1 0.017 kg/s (for reference case) 
Thermal power input 15 kW 
Compressor isentropic efficiency 0.78 (approximated from [57]) 
Turbine isentropic efficiency 0.82 (approximated from [57]) 
Electrical generator efficiency 0.90 [68] 
Temperature of HE terminals diff. 
(HED) 
(20 K for reference case) 
 
Considering the reference case parameters (table 3-4), mechanical output power is calculated 
from Aspen model, compressor and turbine performance is affected by  ̇    through the HE 
and p as well. Compressor and turbine behave in an increasing path with increasing air mass 
flow (noting that the power is delivered from the turbine and consumed from the compressor). 
At 0.017 kg/s turbine curved its path to a lower slope causing a decrease in the net power. At 
this point, the maximum output mechanical power is registered. It is important to note that the 
variation in figure 3-3 happens at constant pressure. On the other hand, and at a constant 
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 ̇   , mechanical power behaves exponentially when p is variated, the maximum output 
power happens at p= 4 bar as in figure 3-4. 
 
Figure ‎3-3. Pm variation with ̇     [64] 
 
Figure ‎3-4. Pm variation with p [64] 
As seen, the maximum net Pm is approximately 1.7 kW, this value happens at a single air 
mass flow. Furthermore, both figures are at 1062 K TIT with HED about 20 K. To be more 
general, both p and  ̇    should be assigned at different pressure and mass flow values, 
different TIT and HED, and power provided (thermal) as well.        






















































































Mapping of both p (and in other words pressure ratio - PR) and  ̇    flow through the 
compressor is generated by using Aspen Plus sensitivity tool. But before that, electrical 
efficiency is optimized at each turbine inlet temperature referring to the model shown in 
figure 3-1. The maximum electrical efficiency is achieved by changing both PR and ̇    . 
The range of  ̇    in sensitivity is between 0.001 and 0.045 kg/s, with a step of 0.001. While 
PR range is from 1.4 to 8, low values are expected to be suitable for the operation [34] 
TIT have maximum and minimum limits, the maximum is selected not more than 1100 K, and 
with a lower value of 600 K. Those considerations are due to limitations in on material 
firmness at high temperatures and inefficient operation at low temperatures. But in simulation 
results, TIT values are considered till more than 1800 K in order to make this mapping valid 
for high temperature standing material. 
Flue gas temperature is controlled by air2 stream in figure 3-1, high temperature values can be 
reached by adjusting 𝞴 to 1, normal 𝞴 values are between 2-3. Previous steps resulting in a 
general mapping for PR and  ̇    , (figures 3-5 a,b). 
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Figure ‎3-5. a) p and ̇     mapping at 20 K HED. b) p and ̇     at 100 K HED [64] 
Optimized pressure values seem to be unaffected with input fuel power and HED, so a general 
linear variation with TIT could be concluded from the graph in figure 3-5 for pressure 
mapping. On the other hand,  ̇    at 100% of the fuel feed differs from 50%, and even for 
both HED values. ̇     should be decreased exponentially with increasing TIT, the difference 
between 100% and 50% at low TIT values is higher than the difference for high TIT values. 
Moreover, ̇     curve for 100% of the fuel feed at 20 K HED has a lower offset than the same 
curve at 100 K HED. This indicates that lower HED means more heat transferred to the 
compressed air, so lower air mass flow, and lower power consumed from the compressor, and 
as a result higher efficiency. 
We can estimate the relative equations from mapping, for instance,  ̇    follows the 
exponential equation 3-12 for 100% operation (i.e. 15 kWth) and HED = 100 K.  
 ̇         (     )        (     ) (‎3-12) 
a =      0.7999         b =   -0.005971          c =     0.04153          d =  -0.0009077   
while pressure is represented by the linear equation 3-13. 
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3.2 HiL model 
Practically, a 15 kWth Pyro-Man pellets burner is installed along with a typical water heating 
boiler for the combustion stage. While the rest components are performed as an integrated 
model by using HiL. HiL part is implemented by Wago Programable Logic Controller (PLC), 
this PLC handle data logging, monitoring, and complete plant controlling at the same time. 
Codesys software is used to model compressor, turbine, and HE in WAGO
®
 PLC. Referring 
to IEC 61131, codesys supports both Structure Text (ST) and Function Block Diagram (FBD) 
which are used here. In addition to other languages like Instruction List (IL), Sequential 
Function Chart (SFC), the Continuous Function Chart Editor (CFC), and Ladder Diagram 
(LD). The Visualization in Codesys improves the complete model presentation, parameters 
variation for several operational cases, data monitoring, and devices controlling [107]. Figure 
3-7 shows the complete project performed in Codesys visualization. This visualization 
performs the model for EFGT components except the burner, entitled in the dashed line in 
figure 3-6.In addition, it handles measuring and controlling combustion process that 
performed by the burner.  
 





Figure ‎3-7. Visualized system.
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3.2.1 Heat exchanger model 
As estimated from literature, shell-tube heat exchanger is the optimum choice for the 
proposed system due to combustion criteria (e.g. dirty biomass combustion products). Since 
heat exchanger is responsible for energy transfer from the combustion, it is important to be 
designed to transfer as much heat as possible from combustion to the fluid (i.e. air) inside. In 
addition to meet combustion type conditions like slagging and high temperature. 
Heat exchanger could be modeled dynamically either by logarithmic mean temperature 
difference or number of transfer units (NTU). Logarithmic mean temperature difference is 
used when temperatures on heat exchanger terminals (outlet and inlet) are known, while NTU 
when only the inlet temperatures are known. 
Another practical and common method in modeling heat exchanger is using heat exchanger 
temperature difference method (HED), this value comes from experiencing such exchangers 
in the practice. Typical values taken in literature are between 20 –300 K, lower HED means 
better performance (i.e. higher turbine inlet temperature (TIT)). Detailed values are included 
in results for comparing and validation.  
Heat exchanger could be geometrically calculated by using operational conditions in this 
research (table 3-5). Since heat exchanger is used as a model in HiL, geometrical design is 
useful for further researches but not considered as a main discussion in this study.   
Table ‎3-5. Geometrical design parameters (subscriptions referring to figure 3-1) 
Parameter Value 
THI 1500 K 
TCI  487 K (at 4 bar ) 




 ̇  0.014 (average value depending on 
the fan ) kg/s 
 ̇  0.015 kg/s 
         1.23 Table A4 [109] 
 
Substituting values from table 3-5, both outlet temperatures, and     are calculated: 
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Using information from table 3-5 we get the heat exchange area (A) of about A=4.46 m
2
, take 
safety factor 1.4, the heat exchange area becomes 6 m
2
. Several design assumptions could be 
ordered depending on available area. For instance, considering shell-tube HE, with length of 
1.5 m, 20 mm outer tube radius, the calculated number of tubes in the heat exchanger is 32.   
The design of HE should meet the maximum operating conditions like heat transfer amount, 
terminals temperatures, and available space. Other important aspects like temperature 
firmness, pressurized fluid, and cost should be taken into consideration for the physical 
operation. 
The geometric design of the heat exchanger is concerned with combustion type, for biomass 
combustion, slagging is one of the disadvantages or challenges that should be overcome. This 
means enough space between tubes to avoid blocking flue gas path through some parts with 
time, since such case would maximize the heat resistivity so less heat is transferred. 
Additionally, cleaning and maintenance procedures should be included in design 
considerations. 
Pressure value at outlet terminals would not be practically as inlet value, this means an 
additive factor in total efficiency detraction, where the pressure drop (  ) decreases the ideal 
area in T-s diagram presented previously, pressure drop comes as a function of friction, tube 
length and diameter, and fluid mass flow (eq. 3-14) [82]: 
    
   
 
  
  (‎3-14) 
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Friction factor (f) implies the roughness of tube material, smoother surface implemented by 
low values, and it increases with roughness increasing. Starting from Reynolds number (Re)  
   
  ̇




And from table A.4 in [82], then assuming  ̅       so                   , D = 
0.02 m, ̇̅       , Re becomes: 
Re = 
       
                 
          
The friction factor (f) then is calculated by the correlation which is suitable for smooth 
surfaces in the form of.  
          
   ⁄                                        
  (‎3-16) 
3.2.2 Turbine model 
Turbine performs a major rule in energy conversion. Proper geometric consideration should 
fit flow and power amounts. It is possible to consider the turbine radius for the purpose of 
geometry design.  
Turbine rotor radius (r) is an important factor in determining the rotational speed, for 
instance, a radius of 10 cm can reaches 40000 rpm turbocharger rotational speed, 2 cm can 
reach around 200000 rpm [83]. 
For better overview, it is possible to use the model approximation (section 2.4.5) to find the 
rotational speeds as a function of TIT (figure 3-8). Assuming 2 cm rotor radius, rotational 
speed will start from 150000 rpm at approximately 700 K TIT, higher TIT values produce 
more than 300000 rpm for around 1200 K. Higher radius values decreases the rotational 
speed, for this research purpose a radius of 3 cm is considered. 
 



































3.3 Setups and measurement system 
To perform an adequate study, the practical part is selected to be combustion process. 
Biomass combustion is a main core of this study. A complete combustion system is prepared 
for this purpose as in figure 3-9. 
 
Figure ‎3-9. Complete combustion system  
3.3.1 Burner and combustion chamber 
Direct pellets combustion system performs the heat addition part in EFGT cycle. These pellets 
are stored in a suitable tank to be fed later to Pyro-Man burner. Feeding system is a simple 
motor that is usually controlled from the burner itself to meet load demands (i.e. when used 
for normal heating). For experimental operation, it can be controlled from an external signal 




Figure ‎3-10. Open view of the Pyro-Man burner. 
An open view of the burner shown in figure 3-10, the fan is responsible of delivering air to 
the combustion. Air enters combustion chamber from sides and from pellets feed tube. An 
important condition should be considered is pellets level in the combustion chamber, for safe 
operation, maximum pellets level in the pellets pipe should not exceed 20 cm from the 
combustion bed. Otherwise, the entered air will not be sufficient to a complete combustion, 
and a noticeable increase in CO level in the flue gas leading to flame extinguishing. 
Along with the burner, the boiler comes in the second stage for heat transfer. For our system, 
the installed boiler is capable to deal with up to 20 kWth for normal house water heating. 
There are actually no measurements installed for its operation (i.e. water heating), it is only 
provided with a recycling pump in a closed cycle water loop. A radiator for water cooling is 
installed within this loop in order to keep the temperature inside the boiler limited. 
Pyro-Man burner can deal with pellets diameter from 6-8 mm as seen in figure 3-11, many 
other conditions should be satisfied to guarantee the proper operation. For instance, cleaning 




Figure ‎3-11. Pellets in storage tank 
 
Figure ‎3-12. Combustion chamber 
It is important to adjust pellets feed into the burner during starting and normal operation, since 
the motor feed is separated from the burner self-control board. Pellets feed motor is controlled 
by the PLC (which is also used as a HiL and measurement device as in the next section). 
Control strategy is as near as possible to the self-program in the burner, and that is estimated 
from practicing and noting the behavior. Feeding signal consists of ON and OFF positions in 
a periodic manner. In ON period the motor starts feeding and OFF it stops, time relevant to 
each period is important to guarantee enough feeding, and the same time prevent continues 
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accumulation of pellets in the feed pipe. For instance, ON period is 20 sec, and OFF period is 
160 sec for full thermal power. Before reaching the steady operation, a delay of 20 min is 
made for the starting. Starting signal is 45 sec ON (the first period) and 4 min 30sec OFF, and 
then continue to be 20 sec ON with the same OFF period. PLC module signal is amplified to 
meet the relay coil switching voltage and power using transistor circuit shown in figure 3-13. 
 
Figure ‎3-13. Switching amplifying circuit 
3.3.2 Measurement system 
The setup is equipped with a measurement system in several points, it comes as a connecting 
devices between the practical setups and HiL, in addition to complementing the control 
process. The data to be measured are basically temperatures, pressure, O2 percentage in the 
flue gas, pellets weight, and flue gas flow.  All readings are collected by the Wago PLC 
shown in figure 3-14 which also performs the devices model (i.e. HiL device which performs 





Figure ‎3-14. Wago PLC with its modules. 
Temperature points are mainly taken for the flame at a distance of 12 cm from the burner 
flame pipe, the temperature sensor is installed inside a pipe as an indirect measuring in order 
to smooth flame instability, and this sensor is considered as the hot stream inlet temperature 
for the heat exchanger.  
 
Figure ‎3-15. Temperature sensors in boiler 
O2 measuring performs two jobs, firstly to find out the combustion 𝞴, secondly, as a safety 
indicator for the burner operation. The installed Pyro-Man burner needs enough input air for 
performing a good combustion. We notice a flame extinguishing once the O2 in the flue gas 
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decreases beyond 8%, and unstable combustion for lower than 10%, so for safe combustion 
the O2 should not be less than 10% in the flue gas where CO content is approximately 20 
ppm.     
 
Figure ‎3-16. Lambda probe  
The flow of the flue gas (i.e. HE hot stream inlet) is measured by Orifice-blade concept. Here 
a blade of diameter 4 cm placed in the flue gas pipe as figure 3-17, then the pressure 
difference is measured (by taking two points before and after the blade). In addition, the 
temperature of the flue gas to assign density value.   
The mass flow is given by [110]: 
 ̇  
  
√    
   
 
√      (‎3-17) 
 
And coefficient of discharge is [111]: 
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Figure ‎3-17. Orifice plate 
The under pressure inside combustion chamber should be maintained between 10-20 Pa, high 
value could cause flame extinguishing due to the large amount of drained air, thus an under 
pressure sensor is necessary for safe operation. 
 
Figure ‎3-18. Under pressure sensor 
It is worth to mention that this controls the flue gas, and keeps approximately fixed flow of 
the total amount which consist both air and other gases produced from combustion. So if the 
fuel amount is reduced, the gases from combustion are reduced and the rest is compensated by 
increasing normal air in the mixture. That leads to the assumption of considering natural flow 





 Additional balance is built in order to register fuel mass flow, figure 3-19. 
 
Figure ‎3-19. Balance 
Finally, gas emissions like CO2, CO, O2 are measured by gas analyzer (Eheim, Visit 02, PM-
B-2,4, und 7). It is also useful for safety operation, especially for O2 level and CO as 
mentioned previously.  
 





4 Results and discussion 
The complete system is summarized in the schematic diagram (figure 4-1). In HiL all 
necessary inputs from combustion process, in addition to those common for the cycle are 
stated due to previous discussion in methodology. In addition, burner control with respect to 
load demands is in the scope of the setup.   
 
Figure ‎4-1. Complete system 
Experimental In order to have logical results, it is necessary to set parameters to acceptable 
values. At the same time there is no exact consideration for complete system parameters, 
especially for the size in this research. Along with Aspen results that done previously, main 
researches grouped in table 2-4 are taken into consideration, where TIT, efficiencies, and 
HED are presented. This is also helpful in validating results from both Aspen and Codesys.         
Parameters in table 3-5 are considered, additionally, for the flexibility requirements, further 
results are included even for parameters changing. A little difference is considered in the 
practical results than what presented. For instance, HED is considered to be 100 K, polytropic 




4.1 HiL dynamic results 
4.1.1 Validation with Aspen 
Starting with results from the published paper in [64], the presented graph in figure 4-2 show 
the electrical power as a function of the hot inlet temperature stream (THI). In addition to full 
and half thermal power provided from the combustion process at two HED values.  
 
Figure ‎4-2 . Electrical power as a function of the turbine flue gas temperature for different 
HED [64] 
Since the considered HED is 100 K for Codesys model, TIT could be considered in x-axis for 
power variation. Practically, TIT has a value of 950 K approximately, this results in having an 
electrical power between 1.3-1.4 kW. HiL values are near to Aspen model, which is a good 
starting validation (see figure 4-3).  
Both PR and  ̇    are adjusted following maps mentioned previously. At the same TIT, we 
can see that the plant adjust both values to be 3.5 and 0.02 for PR and  ̇    respectively. 
From time 0 – 6 min it is considered as a transient period. 
 


















at 100%, 20 HED
at 100%, 100 HED
at 50%, 20 HED




Figure ‎4-3. Electrical power and TIT 
 
Figure ‎4-4. PR and ̇     for the reference practical case 
The behavior of electrical power from figure 4-5 and using the transient period in figure 4-4 is 
increasing with PR and the opposite with ̇    . 








































































Figure ‎4-5. Electrical power with p and ̇     
 
Electrical efficiency calculated from HiL seems to be very near to Aspen results, we can say 
that the normal operation efficiency is around 9% when dealing with 950 K TIT. See both 
figures 4-6,7.   
 
Figure ‎4-6. Reference case efficiency as a function of TIT 















































Figure ‎4-7. Efficiency and air to fuel ratio with TIT  [64] 
Simple differences between Aspen and Codesys refer to the slight change of polytropic 
efficiency. TIT can highly increase the efficiency when reaching very high values, however 
burner design should be capable for this, as well as the heat exchanger and turbine material. 
We can see clearly that the dynamic model deals with more precise efficiency rather than 
Aspen simulation. Aspen has a fixed isentropic efficiency of 0.78 and 0.82 for compressor 
and turbine. Those values are said to be lower than 0.78 and more than 0.83 as in figure 4-8. 
 
Figure ‎4-8. Compressor and turbine isentropic efficiencies 

































































Other factors cause difference between simulation and HiL like flame instability and specific 
heat change with temperature. Those differences are normal by such comparison since they 
are with a very small error range. It is important to note that the flame temperature has a great 
effect on the performance. It is linked with other conditions like burner cleaning, humidity in 
pellets and under pressure. So we can see later that flame temperature could not be around 
1050 K as mentioned in this section. Experiments are separately handled and differences 
mentioned are applicable in this situation.     
Referring to literature efficiency values, and moving to the size of 15 kWth, in addition to the 
comparison done in this section, we can say that electrical efficiency achieved here for the 
normal operation is acceptable.  
For the reference case, we could summarize the T-s diagram with its four stages in figure 4-9.  
 
Figure ‎4-9. Ts diagram 
The operating pressure is 3.5 bar, a small pressure drop value through the clean stream (CO) 
is registered to be 1.5 Pa. This value is dependable on the heat exchanger design and material 
used. High pressure drop values reduces the total efficiency since the mechanical power 
provided from the turbine is directly related to the pressure ration (However, its influence in 
this research is very small).  
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4.1.2 Thermal heat exchange 
Heat exchanger temperature difference (HED) influence plays an important role in power 
extraction efficiency, higher HED mean lower turbine inlet temperature and output electrical 
power as well. HED is an indicator for the heat transfer ability from in the heat exchanger, 
which is affected by accumulated slag during operation. We can see that electrical power 
around 1.3 KWel  for HED 50 K as shown in figure 4-10, going over than 150 K HED leads to 
have beyond 1 KWel for the steady state operation.   
 
Figure ‎4-10.  Electrical output power at different HED 
Here it is clear that flame temperature is not in the maximum possible value, for instance 930-
960 K, it appears that at HED 100 K registered even lower value than 1050 K in the previous 
section. 
Both pressure and mass flow values in cold stream are adjusted to gain the maximum power 
(following mapping mentioned previously). But instead of depending on flame or flue gas 
temperature, the turbine inlet temperature is used to determine both optimum mass flow and 
pressure value as shown previously. It is important to note that mass flow map could be fixed 





















HED = 50 K  
HED = 100 K  
HED = 150 K  
HED = 200 K  
T (HI)  (930-960) 
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regenerated due to the dependency of isentropic efficiency on pressure ratio. Table 4-1 shows 
the steady state pressure and mass flow that should be adjusted. 
Table ‎4-1. PR and ̇     adjusted for different HED values 
 HED 50 K HED 100 K  HED 150 K HED 200 K 
 ̇    (kg/s) 0.0217 0.0237 0.0269 0.0288 
PR 3.32 3.026 2.67 2.5 
Referring again to Aspen results, large similarity is noticed between HiL and Aspen, the thing 
that also validates our results. In Aspen, flue gas temperature is around 950 K while in the 
real combustion is between 930-960 K. 
 
Figure ‎4-11. Electrical power at different HED values from Aspen [64] 
The transferred heat is with an average of 10.0 kWth as seen in figure 4-12. As a result, we can 
estimate that the exchanger efficiency to be around 66% taking into consideration the 

























Figure ‎4-12. Heat transferred by the HE 
HE efficiency is calculated depending on the input thermal power which is 15 kWth, this is not 
a fixed value provided by the burner. By using balance data, we can easily find out the 
thermal power input. Slope of data feed in kg/s is shown in figure 4-13.   
 









































Referring to the balance slope, plant needs around 3 kg to operate for one hour. This value is 
based on wood pellets as a fuel. However, consumption of other fuels could vary depending 
on the heat content.  
4.1.3 Cold and warm starts 
A small amount of pellets is used at the beginning to be heated and then burned. It needs from 
10-15 min till the flame ignites. This period is followed by 20-30 min to heat up the 
equipment’s. It is noticed that this period is the same to reach the maximum output power. 
Ignition devices should be periodically checked to avoid unsuccessful starting.   
A relatively fast increase during the next 5 minutes is seen until about 1 kWel. The 
approximate time needed until maximum power is 30 min, this is due to heat dissipated on 
boiler material itself. 
 
Figure ‎4-14. Cold start 
Comparing this to the warm starting (e.g. in figure 4-10, 14), we can see a time of 5-6 min 
starting time needed to reach the maximum or steady state. We can see here one of the solid 
biomass combustion backwards, that is relatively slow starting compared with other oil or gas 
dependent.  



















4.1.4 Compressor and turbine performance 
A natural temperature rise is accompanied with pressurizing air due to compressor isentropic 
operation. In the scope of our study, ambient temperature is considered constant (298 K) and 
pressure is 1 bar. Returning to the reference case, compressor consumes around 3.3 kWm for 
pressure ration of 3.4 approximately, air leaves the compressor with a temperature between 
450-460 K (see figure 4-15).  
 
Figure ‎4-15. Compressor power and temperature. 
On the other hand, turbine extracts around 4.9 kWm from the compressed air heated from the 
combustion (figure 4-16). Noting that this value is for 0.83 isentropic efficiency. Air leaves 
the turbine with around 750 K which is relatively high. Heat rejected from the turbine could 
be exploited in domestic heating or pellets preheating where higher efficiency could be 
gained. 
It is possible that the turbine and compressor have different values of efficiencies, the thing 
that affects directly the generated power. After running the plant for each value separately, it 
is seen that for THI of 920-945 K, the electrical output power is 1.48 kW at polytropic 
efficiency of 0.85. Noting that, this efficiency is considered for both compressor and turbine. 
At 0.81 the output power is 1.1 kW, and it decreases significantly for lower values like 0.75 
where the output power is not more than 0.5 kW (figure 4-17).  



































Figure ‎4-16. Turbine power and turbine outlet temperature 
 
Figure ‎4-17. Electrical output power for different polytropic efficiencies, THI (920-945 K). 
For the normal operation, turbine rotates at 155000 rpm approximately (figure 4-18). Take 
into consideration, that the flame temperature value for this graph is around 1050 K. It is 
















































Polytropic eff. = 0.85 
Polytropic eff. = 0.81 
Polytropic eff. = 0.78 
Polytropic eff. = 0.75 
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relatively connected to the power generated from turbine, which reaches approximately 
4.5 kW    
 
Figure ‎4-18. Turbine rotational speed and turbine mechanical power 
High rotational speed needs in practical some considerations as mentioned previously like 
vibration, gearbox, and an electrical generator that can handle such value. Further 
cycloconverter is needed to change the high frequency current to lower one (e.g. 50 Hz). 
Gearbox could be another option by reducing the high rotational speed to the normal 
generators speed (e.g. 3000 rpm). This option should be carefully handled specially in 
coupling stages where high rpm could result in vibration that causes damage later.   
4.2 Combustion  
Burner fan is automatically adjusted with pellets amount or in other words the thermal power 
input. Unfortunately, parameters regarding fan operation have very restricted limits to be 
changed, and according to the manufacturer it is supposed to keep them as manufactured (this 
note is after contacting manufacturer).  
Under pressure which is caused by air fan installed on the lab roof should be kept as 
mentioned previously between 10-20 Pa, lower or higher values could cause problems in 
extinguishing air or bringing smoke inside lab.  




























































As we see, the total combustion air has many restrictions for the proper operation. This leads 
us to assume constant combustion air. 𝞴 as a result has a value ranges between 2-3. It 
becomes more stable at 2.3. (figure 4-19). 
 
Figure ‎4-19. Combustion excess air factor (𝞴) 
Wood pellets combustion shows 15 ppm approximately CO emissions in the steady state 
operation, on the other hand, NOx is emitted with around 85 ppm. Those values are at oxygen 
content between 11-12.5 % in the flue gas. 
Flue gas temperature is registered to have a maximum value of 1050 K, burner design can’t 
go much further even if full fuel is provided. Reducing combustion air mass fuel could 
increase flame temperature (i.e. reducing 𝞴). But for safety operation, under pressure is 
necessary as discussed previously. As a result, ash melting temperatures are not reachable 
(referring to ash melting section), this keeps us in the safe side of preventing ash melting. 
Cleaning becomes easier, and no hard slags expected to accumulate on the heat exchanger.       
4.3 Other biomass types tests 
Wood pellets are good example to be as a reference material in this plant. However, it is 
important to show the performance of this plant when using other types. This enhances the 
study on fuel type variation, which is important to acclimate with several places with different 























biomass types. Considering many biomass types becomes too much for this study, thus we 
will interview two more types rather than wood, which are straw and torrefied.  
4.3.1 Straw pellets 
 
Figure ‎4-20. Straw pellets 
Straw combustion performs the bad type of pellets to be used, this is due to low heating value 
shown in its analysis, and high ash content. Unfortunately, flue gas flame can’t reach high 
values, this appears from TIT values that varies around 800 K at maximum burner feeding.   
It is also clearly seen that the net electrical power is around 1 kW, which means an efficiency 
of around 6.7 % considering 15 kWth entered the cycle (figure 4-21). A considerable ash 
amounts accumulated in a short time, this straiten the path for combustion air, which results in 





Figure ‎4-21. Electrical power and TIT data from straw pellets combustion 
The direct combustion of straw pellets emits 13 ppm CO, a noticeable amount of NOx which 
reaches 350 ppm.  
4.3.2 Torrefied pellets  
 
 
Figure ‎4-22. Torrefied pellets 
In general, biomass could be pre-treated in the absence of oxygen and in temperature range 
between 200-300 °C. This is called torrefaction of biomass, which results in a complete 









































drying of biomass, increasing the calorific value, and grindability improvement. By those 
improvements we gain better combustible material and higher energy density [112].  
Here we have tested the torrefied wood pellets at 275°C, the achieved flame temperature is 
around 950 K, while electrical power produced is 1.1 kW maximum (figure 4-23).   
 
Figure ‎4-23. Electrical power and TIT for torrefied wood pellets 
We can see clearly temperature and lower power than expected from torrefied pellets, it could 
be explained by having lower volatile matter (75.6%) compared with wood (84.2%) as an 
example, the thing that restrict the flame from the burner output tube. Higher values could be 
achieved by another burner design, but meanwhile, Pyro-Man shows this performance. 
However, lower flame temperature could be compensated by the heating content, torrefied 
pellets have higher heating value, and this leads to lower pellets consumption than normal 
wood pellets. 
Combusting torrefied wood pellets show relatively lower CO emissions, around 6 ppm in the 
steady state operation. NO emission is around 200 ppm in the flue gas, which is lower than 
straw pellets combustion. 
It is noticed that the average emitted CO from torrefied pellets is registered to be the lowest 
one. Where wood pellets combustion has the highest value, a summarized comparison 
between all types is shown in figure 24 and figure 25 noting that oxygen content in the flue 
gas is with an average of 12 %. 













































Figure ‎4-24. Fuels combustion CO emissions 
 
 
Figure ‎4-25. Fuels combustion NOx emissions 
 
4.4 Transient behavior 
System components behavior performs the complete system response in transient case. But 
the slowest device is the dominant in this case. By returning to the system structure, 
































4.4.1 Heat exchanger Transient 
The discussion about heat exchanger transient operation is confined even it is important in 
plants modeling. Mainly, lumped parameter or finite volume approaches are used for this 
purpose as stated in [113]. In which the authors discussed a third criterion by using moving 
boundary approach. Evaporator simulation was conducted and it shows the temperature 
responses in a time of 10’s seconds for various cases. Another control study in [114] is 
applied on shell tube heat exchanger to verify the response due to step input cold stream fluid 
temperature. All used methods in this research shows that the steady state (SS) is reached 
after 100 seconds in spite of the system controlled or not. In addition to further researches 
handle another types or configurations like co-flow heat exchanger transient response in 
[115], it also shows a step response for both hot and cold streams of lower than 30 seconds.  
As a summary, David J. Bunce [116] explored the transient response of heat exchangers done 
in several researches. He claimed that there no general solution is completely accepted 
because of the complex operation. One of the discussed solutions is the finite difference 
method presented by F. E. Romie   [117]. He provided the formulas in eq. 4-1 as a simple 
empirical relation to perform the transient behavior of the outlet temperatures with respect to 
inlet variations (modified by Bunce to start from any temperature since Romie considers zero 
as starting temperature in his solution).  
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Equation 4.1 is examined for the suggested heat exchanger in this research with its 
parameters. If the hot fluid or the flue gas temperature is stepped from 300-900 K, air inside 
tubes (i.e. second stream) require around 60 seconds to reach the final value, see figure 4-26. 
 
Figure ‎4-26. Heat exchanger temperature response  
4.4.2 Turbine and Compressor transient 
Compressor and turbine are both existed in many facilities, the closest application is the gas 
turbine (which is the concept of combination between both devices and combustion system). 
So the transient behavior could be approximated from the researches on gas turbine, separate 
researches on either compressor or turbine, or turbocharger configuration. 
R.D. Burke et al. [118] analyzed the transient response of heat transfer in turbo charger. 
Results show that 95% of the input and output transient conditions need time varies between 
4-20 seconds.  
A detailed transient behavior for gas turbine cycle shown in [119]. Load step response 
functions of 30, 22.5, 15, and 7.5 kW are shown. For our purposes, we would consider the 


















lowest load value. Compressor reaches its final value when stepping to 7.5 kW after 35 
seconds. The same thing applied on the turbine power response. Further step response values 
of speed, efficiency, turbine inlet pressure, and temperature require approximately the same 
time period 
A research is provided on modeling compressor and gas turbine by P. Aaslid in [120], the 
system is much larger than presented here, it is about 8570 kW, but it worth to have a look on 
the transient analysis provided, the compressor up stream pressure change in the transient 
needs around 100 seconds as well as well as other parameters. Power response due to stepped 
fuel input requires around 10 seconds, fuel mass flow is changer from 0.8 to 1 (i.e. 80% to 
100%). 
Many other researches and experiments show that compressor and turbine have a relatively 
fast response compared with heat exchanger [121][122][123][124][125][126][127]. 
4.4.3 Combustion process transient 
The related components (burner and boiler) determine the transient behavior of the 
combustion or heat addition to the cycle. From tests, burner can rises the temperature of the 
inlet hot stream from 620 K to 1050 K in around 6 min.  
 
(a) 























Figure ‎4-27. (a) Complete and (b) starting transient behavior 
Curve shown in figure 4-27 is a first order system, the transfer function could be given in the 
general formula shown in eq. 4-2 referring to the basics of control systems in [128]:  
 ( )  
         






 ( ) is the required electrical power (output) and its maximum value is around 1.4 kW, while 
 ( ) is the fuel mass flow as a percentage up to 100%.   
4.5 Control process 
It is clarified in literature that direct combustion is hard to control due to the system nature 
and fuel. However, Pyro-Man burner is designed to meet the heating demand (since it is for 
normal heating proposes), this advantage is exploited to perform control process on power 
generated amount.  
For the transient modeling, combustion (e.g. burner) behavior is proved to be the dominant 
part as seen in the previous section (4.7).  All other components will be modeled dynamically 
as in steady state situation, their transient have no effect on the process. 
Before moving to the control details, there should be a consideration for mapped parameters. 
Firstly, air mass flow from the compressor along with input thermal power, three cases are 





























taken, at 133%, 100%, and 50% of the input power as shown in figure 4-28. There is a 
proportional relation noticed from the graph, this leads to easier modeling by taking 100% as 
a reference curve, and then take the rest as percentage multiples of the reference, see also 
figure 4-29 (a) and (b).    
 
Figure ‎4-28. ̇     mapping at different power levels 
Air mass flow mapping is restricted to a certain range, for instance, 600 K is the minimum 
value. Where for the maximum value it is preferred to keep lower than 1200 K for more 
precise results.   
 
(a) 50% to 100% thermal power mass flow ratios 


























at 133% of input power
at 100% of input power
at 50% of input power
































(b) 133% to 100% thermal power mass flow ratios 
Figure ‎4-29. ̇     mapping proportionality 
The reference (100%) case is implemented by the exponential relation in equation 3-14 
On the other hand, pressure seems to be fairly unaffected by the input thermal power. This is 
clearly seen in figure 4-30.  
 
Figure ‎4-30. Pressure with TIT and at several power levels 



























































at 133% of input power 
at 100% of input power
at 50% of input power
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As a result, air mass flow map should be tuned with both turbine inlet temperature and the 
supplied thermal power. This explained by the following, thermal power is controlled by 
pellets feeding amount, this means changing flue gas mass flow as a result. And since heat 
relations for heat exchanger are dependable on fluids mass flow, air mass flow through the 
compressor should be changed to a different curve of its relation with turbine inlet 
temperature. This curve is assigned by the thermal input power. On the other hand, pressure 
value can be adjusted to one curve with one parameter (e.g. turbine inlet temperature) 
neglecting the variation in thermal input power. 
Electrical power is controlled by adjusting the thermal input power, this means controlling the 
amount of heat transferred as well. A better overview could be presented by having the 
relation between both electrical power produced and the transferred thermal power. The 
maximum Pel is achieved when thermal power is 10 kW or a little bit more. Thermal power 
values lower than 5 kW are not sufficient for electrical generation. This is due to the reason 
that the turbine can’t provide power more than what is needed by the compressor (figure 4-
31). We can notice a linear relationship between thermal heat and electrical power, this 
linearity is exploited in mapping  ̇    by multiplying its curve with a factor (Qact/Qmax). By 
this step we guarantee that ̇     is tuned to the amount of heat beside the TIT.  
 
Figure ‎4-31. Thermal power control 
After solving the problem of both  ̇    and p, now comes the next and important part of plant 
control. As stated previously, pellets feeding consist of periodic pulses of ON states, flowed 






































with OFF period. Maximum power is achieved when adjusting 2 min 40 sec OFF and 20 sec 
ON, it is possible to move to lower thermal power values by decreasing the ON period, see 
figure 4-33.   
 
Figure ‎4-32. Control loop 
Due to the long response of the burner as stated previously in transient section, control 
process could be implemented easily by measuring the error between the actual output power 
and the reference one. This error is multiplied by 10 for better control range, after that 11 
cases are designed for ON periods of 6,7,8,9,10,12,14,16,18,20,21 seconds. Lower than 6 
seconds will cause burner to turn OFF in some cases, and going further 21 will cause in 
pellets accumulation, see figure 4-34. 
 
Figure ‎4-33. ON period control 
At the end of each period the actual value of the electrical power will be picked up, the error 
signal from 1-10 enters a group of if statements where then the pellets feed is decided to 




Figure ‎4-34. Cases selectivity 
Delay periods are caused mainly by the long pellets combustion time, and the accumulated 
pellets consumption in feeding pipe. In moving from high to low value of power, pellets in the 
feed pipe add extra time for the response, sometimes a constant value stays for around 3 min 
without changing. The same thing is applied when moving from lower power values to higher 
ones, added pellets will be in higher amounts the thing that means more preheating till starting 
combustion.  
In spite of that the burner can provide thermal power from 30-100%, we noticed sometimes 
unstable operation when adjusting for lower than 50% electrical power, for safe operation we 
recommend a range of 50-100% of electrical power providing. 
Combustion of biomass is unstable in general, this is noticed by zooming in the power when 
adjusting on 1.3 kWel, and fluctuations appear clearly in figure 4-35, where the response for 
load variations is presented. Those fluctuations are expected to be smoother if an 
experimental heat exchanger is installed. The transient model of the heat exchanger is not 





 Figure ‎4-35. Response to load variations 
Transient periods could not exactly follow the transfer function mentioned previously, some 
delays or faster operation could happen at different experiments.   
Rotational speed is also varied with electrical power level, a maximum value of 155000 rpm 
is seen where the electrical power is also on maximum point (figure 4-36). A linear behavior 
is shown of the rotational speed with electrical power from 60000 rpm till the maximum, and 




Figure ‎4-36. Rotational speed with electrical power 
4.6 Emitted CO2 
Gases emitted from combustion process are a natural aspect accompanied with the study of 
EFGT system based on biomass combustion. The design of the burner itself plays the major 
rule in CO production in flue gas, well designed burners can achieve a very low values. Pyro-
Man burner registered an average value of 15 ppm for wood pellets combustion as shown 
previously, which is relatively good. Starting process emits large values as seen from the 
same figure, it reaches more than 4000 ppm for wood pellets as an example. 
 
Figure ‎4-37. CO2 emissions 





































Having a look on CO2 percentage in the flue gas (figure 4-37), it is seen that emissions are 
nearly equal for the all types. Taking wood pellets as an example of CO2 emissions, an 
average density of the flue gas of 0.75 kg/m
3
 at 500 K, and flue gas mass flow of 0.016 kg/s. 
We get a volume flow of 0.0213 m
3
/s total flue gas flow, which results in 0.0017 m
3
/s of CO2 
produced from combustion process.  
4.7 Operation scenarios and economics 
Biomass can’t cover the complete energy demands. However, its sharing is of a great benefit 
for domestic consumption. Thus, we would consider that the plant can cover 8000 working 
hours per year, lower values like 7000 and 4000 hours are considered to satisfy the controlled 
mode. And beside what discussed in this research about electrical generation, heat energy 
achievement improves the total efficiency for higher values like 80% (i.e. Combined Heat and 
Power - CHP) [60]. 
A general energy sharing estimation could be presented from the previous data, but before 
that, biomass type is important for such study. For instance, energy achieved from wood 
pellets needs lower amounts than straw, this is due to higher heating content in wood biomass. 
So separate calculations of produced energy would be presented, and it is related to the used 
types. 
Take Jordan as one of countries that suffer from energy problem, normal customer 
consumption is 8124 kWhel per year (in the northern area of Jordan) [129]. Considering an 
EFGT plant with nominal electrical power of 1.2 kWel, this value is estimated as an average 
electrical production from different types of biomass pellets, customer can cover his complete 
consumption if the plant operates 8000 hour (9600 kWh produced) as a maximum operational 
case. Take an operational range of 50-100% (0.6-1.2 kWel), with 7000 and 4000 working 
hours. Then the resulting energy production is 4200 – 8400 kWh for 7000 hour mode, and 
2400-4800 kWh for 4000 hour mode.  As seen, plant can provide from 30-100 % of customer 
needs. Plant can also be adjusted to meet variations in power consumption during the day. 
Electrical grid ability to handle distributed generation is important as well as electricity 
provider regulations for cost considerations.  
To calculate the overall energy potential, take olive residues in Jordan. Referring to the 
statistics, the average production of olive waste is 38804 tons per year [27]. This means 781.9 
GJ per year thermal available from only olive processing. 
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It should be noted, that the actual potential for power production might be somewhat lower 
considering alternative uses of the olive waste e.g. for domestic heating purposes. On the 
other hand, by using combined heat and power technology, the introduction of sorption 
cooling technology could be used to further reduce electrical power consumption. 
Complete economic study of EFGT plant in the range of 15 kWth will not be addressed. 
Current research handle more technical and design aspects of micro scale externally fired gas 
turbine plant. In addition, some components in the cycle are still not well commercialized. 
This section provides a general overview on plant cost, along with some examples from 
literature.   
Starting with larger sizes, a plant of 1 MWel can reach a specific cost of 540 £ (ca. 632 euro) 
per kWel, 15.3 £ (17.9 Euro) specific fixed operation and maintenance costs per MWh, and 
7.11 £ (8.32 Euro) for specific variable operation and maintenance costs per MWh [130]. 
Cordiner et al. [131] has introduced a recent study on EFGT technology based on woody 
biomass, the plant is supposed to work with a utilization factor of 0.8 (7000 h/year). It is seen 
that the electrical cost is 0.33 Euro/kWh, this is for a plant size of 60 kWel. The thermo 
economic analysis is also performed by Pantaleo et al. [72]. The study handles EFGT 
technology with two firing schemes, natural gas and biomass. Each scheme can be varied 
from 0-100%, at the same time the total sharing should be 100% to provide electrical power 
of around 100 kWel. The capital cost is calculated to be 471000 Euro. Further operating cost 
which includes biomass supply, ash discharge, and maintenance are said to be 69,750 
Euro/year when the biomass quota is 100%. 
As we see, literature on EFGT cycle economics concentrates on relatively higher ranges than 
what is discussed in this study, 15 kWth or in the range of 1.5 kWel. However, it is possible to 
estimate the total capital cost for such range, taking into consideration capital scaling effect 
for different installations [132]. Capital cost could be calculated from eq.   
  
   
 (
  




where CC is the capital cost of a plant of a capacity PC,    ,     are the base capital cost and 
capacity (consider [72]), and s is the dimensionless scale factor (0.6 ≤ s ≤ 0.8). Due to the low 
number of installed systems for externally fired gas turbines, the scaling factor cannot be 
estimated at a higher precision currently. Thus, the estimated capital cost of a 15 kWth power 
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plant with about 1.6 kWel net output (including generator efficiency) is between 33800–65300 
Euro, considering the reference data from [72] (CC0 = 471000 Euro, PC0 = 404 kWth). Noting 
that, the capital cost is expected to be reduced with installing more installations referring to 




















5 Conclusions and outlook 
Micro scale externally fired gas turbine technology is a promising biomass utilization method. 
It can provide relatively good energy percentage for residential needs, however, it is not 
commercialized as distributed plants. Improvements and developments still on the way of 
optimizing the biomass based externally fired gas turbine technology. 
In this research, a technical study is provided in the scope of micro scale externally fired gas 
turbine technology (i.e. 15 kWth). Integrating hardware in the loop improves the study by 
adding the flexibility of operation, as well as providing a complete control. Hardware in the 
loop can be easily used as a real time simulation to model part of gas turbine cycle. This merit 
is used for modeling the dynamics with more reality than static simulations. 
Concept development of biomass utilization in externally fired gas turbine technology is 
important in the envelope of renewables investigation. It is seen that solid biomass direct 
combustion can be effectively used in electrical production. Take into consideration that the 
plant design should meet fuel combustion aspects, like solid type handling, instability in heat 
production, and ash processing. In spite of solid biomass combustion disadvantages, it is 
possible to modify the plant for better performance. 
It is seen that the working pressure and air mass flow through the compressor-heat exchanger-
turbine are important factors in plant design. Thus, mapping diagrams for both parameters are 
generated to be a function of the turbine inlet temperature. If the pressure is fixed and mass 
flow is changed, a maximum peak appears where the mass flow should be adjusted. The same 
thing is applied if the mass flow is fixed and pressure is changed. This criterion is used for 
mapping generation. The reference case (wood pellets combustion) shows an adjusted 
pressure and air mass flow of 3.4 bar and 0.021 kg/s respectively, the turbine inlet 
temperature for the steady state was around 950 K.  
The turbine inlet temperature is an important factor for the turbine operation. Higher 
temperature means higher mechanical power achieved. However, turbine material firmness 
should be considered to avoid deterioration. Fuel type is a dominant factor in temperature 




Heat exchanger is the thermal connection part between combustion and clean air. Its 
properties like thermal connectivity, high temperature, and pressure firmness are important 
for increasing the total efficiency. Heat exchanger can be modeled by using the heat balance 
and the difference between hot inlet stream and cold outlet stream, which is proven from the 
literature with a maximum value of 300 K. A fair value of 100 K is taken in discussing the 
results, however, the model can deal with different range, but reality should be applied as 
well.  
Both compressor and temperature efficiencies are main factors in the total efficiency. 
Compressor shows a decreasing isentropic efficiency compared with turbine for constant 
polytropic efficiency with pressure increase. Thus, one of the benefits of mapping is choosing 
the optimum pressure value. It is seen also that the air mass flow is relatively low, so the 
geometric design should be suitable for such values. Also as a result of small size, the 
rotational speed is relatively high, which has been calculated to be more than 150000 rpm. 
Plant control is applied where the fuel flow is controlled depending on the needed power. A 
modified proportional controller is used for this purpose. The response to load variations is 
relatively slow, which is related to the combustion behavior. An unstable steady state (i.e. 
small fluctuations) in power providing is also noticed, take into account that the instantaneous 
heat exchanger model is considered. For the control requirements, pressure should be varied 
with the turbine inlet temperature. On the other hand, air mass flow should be varied with 
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1- A modern micro scale externally fired gas turbine technology is discussed for 
electrical power production. This concept concentrates on processing solid biomass 
residues for energy utilization. This step becomes in the envelope of improving 
renewables investigation. The designed plant is capable to provide 15 kWth based on 
biomass pellets combustion, this size superficially discussed in literature.   
2- Gas turbine cycle follows the Brayton concept. The experimental part consists of 
pellets combustion burner as the heat source in gas turbine cycle. On the other hand, 
the rest of cycle components are modeled as real time simulation, this concept is 
described by hardware in the loop integration. Hardware in the loop can simulate the 
real components, and does the control process as well. This integration provided more 
flexibility in components parameters optimization. Also costly and technically 
effective for discussing the externally fired cycle with relatively accurate results. 
3- The cycle is modeled for declaring the initial results, then, pressure and air mass flow 
are mapped as a function of the turbine inlet temperature. The procedure in mapping is 
by variating pressure from 1.4 – 8 bar, and air mass flow from 0.001 – 0.045 kg/s. the 
produced matrix includes both parameters optimum values at each turbine inlet 
temperature. This mapping is performed for both 50 and 100 % input power values, 
also for different heat exchanger difference values. It is seen that pressure map 
depends on only the turbine inlet temperature in a linear line. On the other hand, air 
mass flow is exponentially varied with turbine inlet temperature, the exponential line 
should also multiplied by a factor for different thermal power ranges. 
4- Modeling methodology handled components main parameters like compressor and 
turbine efficiencies, heat exchanger thermal transfer and terminals temperatures, 
pressure drop, and rotational speed as well as rotor diameter. In addition to 
temperatures and power analysis.  
5- Electrical power produced is highly dependable on the combustion temperature. It is 
possible to reach more than 2 kWel at 1500 K. The heat exchanger difference has 
influence on the electrical power at low temperatures, however, this influence 
decreases with high temperature values. 
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6- The produced electrical power is around 1.4 kW at 950 K turbine inlet temperature. 
Pressure and air mass flow are adjusted to 3.4 and 0.021 kg/s respectively. The 
electrical efficiency is 10 % at the previous conditions. Efficiency can be improved by 
decreasing the heat exchanger difference and the combustion temperature as well. 
Both values are linked to burner design and the materials ability of high temperatures 
firmness. 
7- The dynamic model of both compressor and turbine is adjusted to work 0.81 
polytropic efficiency. At 3.5 bar, compressor and turbine isentropic efficiencies are 
0.78 and 0.83 respectively in the steady state. Higher devices efficiencies improve the 
electrical efficiency, it also can compensate the low combustion temperatures. 
8- The heat exchanger temperature difference is tested for flue gas temperature values in 
the range of 930-960 K. It is seen that for 50 K, 100 K, 150 K, and 200 K the achieved 
electrical power is 1.25 kW, 1.5 kW, 0.9 kW, and 0.8 kW respectively. This clearly 
shows the rule of the heat exchanger on the total electrical generation, also shows the 
effect of accumulated dirt’s with time. 
9- Thermal heat transferred through the heat exchanger is calculated to be around 10 kW. 
Referring to the 15 kWth entered the cycle, the heat exchanger efficiency is about 66 % 
for the reference case. In order to have electrical power production, it is necessary to 
guarantee heat of more than 4.5 kWth to be transferred through the heat exchanger, 
meanwhile. 
10- Compressor consumes 3.3 kWm for the reference case, which is necessary to increase 
the pressure to 3.4 bar. Air temperature after compression is between 450-460 K. On 
the other hand, turbine delivers 4.9 kWm, the hot air leaves with a temperature of 
750 K. The waste heat from the turbine can be exploited in further cycle for efficiency 
improvement. 
11- The initial start of the plant requires around 30 min. This time is necessary to heat up 
all components for the steady state. The response to load variations is relatively slow, 
for example, the plant needs around 6 min to go from the minimum to maximum 
electrical power value. The slow behavior is proved to be due to the combustion 
process itself. All cycle components have faster response to transient cases than 




12- Combustion is performed at under pressure around 16 Pa for all pellets types. It is seen 
that the resulting electrical power of straw is 0.9-1 kW at lower than 800 K turbine 
inlet temperature. This means an electrical efficiency of 6.7 %. Torrefied pellets can 
provide around 1.1 kWel at around 850 K flame temperature. The reason of having 
lower electrical power from torrefied than wood is that volatile matter content in 
torrefied pellets is lower. This affects the flame length from the burner tube, which is 
in turn affects the entered flue gas temperature. 
13- Based on oxygen content in the flue gas of 11-12.5 %, wood combustion emits higher 
CO in the flue gas compared to than straw and torrefied pellets. It is seen that NOx is 
the lowest when wood is combusted. While straw combustion has relatively high NOx 
emissions. CO2 emissions are between 6-8 % of the volume of the flue gas for all fuel 
types. 
14- It is seen that the rotational speed is calculated to be more than 155 thousand rpm as 
expected from literature, which is relatively high compared with other plants with 
higher thermal power range. This value could be reduced by increasing the turbine 
diameter or using a gear box, both solutions have constraints of pressure loss and 
vibration respectively. 
15- Plant capital cost could be relatively higher than other renewables investigation, 
however, it is considered a reliable source due to the storage ability of the raw 
material. For instance, pelletizing is a good method of shaping and storing, 
torrefaction of biomass is further improvement on pellets properties. Currently, pellets 











7.1 Compressor modeling in Codesys 
 
 
Figure ‎7-1. Compressor model block in Codesys 
 
IF Peff > 0.8 AND Peff < 0.82 THEN 
P2:=0.0057*Tbt - 1.8794;  (*f0 instead of Tbt*) 
ELSIF Peff > 0.84 AND Peff < 0.86 THEN 
P2:=0.0083*Tbt - 3.2163; 
END_IF 
(*--------------for the mass flow ---------------*) 






kf:=(kc-1)/kc;      (*  the formula to calculate the air constant at 
the compressor side*) 
kf1:=kf/Peff;        (* the formula to give the second exponential 












7.2 Control Modeling in Codesys 
   
(*to generate a signal at the end of 2m40s *) 
IF ot6=TRUE THEN tperiod :=t6; 
ELSIF ot8=TRUE THEN tperiod:= t8; 
ELSIF ot12=TRUE THEN tperiod:=t12; 
ELSIF ot14=TRUE THEN tperiod:=t14; 
ELSIF ot16=TRUE THEN tperiod:=t16; 
ELSIF ot10=TRUE THEN tperiod:=t10; 
ELSIF ot18=TRUE THEN tperiod:=t18; 
ELSIF ot20=TRUE THEN tperiod:=t20; 
ELSIF ot22=TRUE THEN tperiod:=t222; 
ELSIF ot24=TRUE THEN tperiod:=t24; 
ELSIF ot26=TRUE THEN tperiod:=t26; 
END_IF 
tperiod1:= TIME_TO_REAL (tperiod); 










Dy:=10* (Yzadd-Y)/Yzadd; (*generate error signal from 0-10*) 
IF Dy>=1 AND Dy<=2 THEN 
step:=1; 
ELSIF Dy>2 AND Dy<=3 THEN 
step := 2; 
ELSIF Dy>3 AND Dy<=4 THEN 
step:=3; 
ELSIF Dy>4 AND Dy<=5 THEN 
step:=4; 
ELSIF Dy>5 AND Dy<=6 THEN 
step:=5; 
ELSIF Dy>6 AND Dy<=10 THEN 
step:=6; 
ELSIF Dy<=-1 AND Dy>=-2 THEN 
step := -1; 
ELSIF Dy<-2 AND Dy>=-3 THEN 
step:=-2; 
ELSIF Dy<-3 AND Dy>= -10 THEN 
step:=-3; 
ELSIF Dy<-3 AND Dy>= -4 THEN 
step:=-4; 
ELSIF Dy<-4 AND Dy>= -5 THEN 
step:=-5; 
ELSIF Dy<-5 AND Dy>= -10 THEN 
step:=-6; 






IF step <> 0 AND picvalue = TRUE THEN 
U := Uold+ step; 
Uold := U; 
IF Uold>=11 THEN Uold :=11; 
END_IF 
IF Uold<= 0 THEN Uold := 0; 
END_IF 
END_IF 
(*limitation on U*) 






(*this condition is for the starting period*) 
IF Trs = TRUE THEN 
(*control the power depending on the controller output*) 















IF U >10.5  THEN 












ELSIF U >9.5 AND U<= 10.5 THEN 












ELSIF U >8.5 AND U<= 9.5 THEN 














ELSIF U >7.5 AND U<= 8.5 THEN 











(*70 % selection*) 
ELSIF U >6.5 AND U<= 7.5 THEN 













(*60 % selection*) 
ELSIF U >5.5 AND U<= 6.5 THEN 











(*50 % selection*) 
ELSIF U >4.5 AND U<= 5.5 THEN 














ELSIF U >3.5 AND U<= 4.5 THEN 












ELSIF U >2.5 AND U<= 3.5 THEN 











(*20 % selection*) 















(*10 % selection*) 
ELSIF U<= 1.5 THEN 











































7.4 Heat exchanger model in Codesys 
 
Figure ‎7-3. Heat exchanger model block 
(* to calculate the cp and air constant for heat exchanger and gas 
















IF case1 = TRUE THEN 


































IF Tratio > 1.51 OR Tratio < 0.59THEN 
b1m:=TRUE; 



























(*end using NTU method*) 





Eps:=0.9; (* could be changer *) 
Qmax:=Q/Eps; 
 form:= mdota*cpa; 
Tat:=Tao - Q/form; 






Airdensity:=(Pratiopas*28.97)/(8.31447*Tbaver); (*28.97 is the air 








pdrop:=((drop3)/(drop4))/100000;   (*ff   friction factor, 
2*2*Tubradius  is for diameter,  deltap in N/m2 so we divide by 
100000 to get it in bar*) 


























contwieght:=60.192*0.602-6.82222; (*0,602 is the voltage when the 
container and tube are existed*) 
pelletswight:=(60.192*pell-6.82222) - contwieght; 















(*calculating mass flow*) 









qm:= (0.605/0.977)*1*0.7854*0.0036*fm1;(*0.6 is coefficient, 0.83666 






IF o2 >= 15 THEN 






7.6 Signals provided to feeding motor code 
 
















IF ot3=FALSE THEN 




(*----------------   now for power control*) 
(*100 % power*) 
IF P100 = TRUE THEN 














IF ot6= TRUE THEN 




IF ot7 = FALSE THEN 





(*90 % power*) 













IF ot8= TRUE THEN 






IF ot9 = FALSE THEN 
































(*70 % power*) 













IF ot14 = TRUE THEN 










(*60 % power*) 















IF ot16 = TRUE THEN 










(*50 % power*) 















IF ot10 = TRUE THEN 




IF ot11 = FALSE THEN 





(*40 % power*) 















IF ot18 = TRUE THEN 










(*30 % power*) 













IF ot20 = TRUE THEN 












(*20 % power*) 













IF ot22 = TRUE THEN 












(*10 % power*) 













IF ot24 = TRUE THEN 










(*over % power*) 















IF ot26 = TRUE THEN 



























IF on=TRUE THEN 
     IF ot4=TRUE OR ot3=TRUE OR ot7=TRUE OR ot9=TRUE OR ot11=TRUE OR 
ot13=TRUE OR ot15= TRUE OR ot17 = TRUE OR ot19 = TRUE OR ot21 = TRUE 
OR ot23 = TRUE OR ot25 = TRUE OR ot27 = TRUE OR fuelon=TRUE THEN 
     nr:=32500; 
(*Tperiod:=TRUE;*) 
     pelletfeed:=REAL_TO_WORD(nr); 
     ELSE 
    nr:=0; 
(*Tperiod:= FALSE;*) 
    pelletfeed:=REAL_TO_WORD(nr); 




(*for control of the periodic signal*) 
IF ot28 = TRUE THEN 











7.7 Turbine model in Codesys 
 
Figure ‎7-5. Turbine model block 
Pratioact:=(P2-pdrop)/P1;     (*real pressure ratio after drop*) 
kTf:=(kT-1)/kT; (*k-1/k formula but with the value change with 














rpm:= (Formula3/Turradius)*9.5493;    (*9.5493 is 60/2*pi, to 




7.8 Aspen simulation 
- Sensitivity tool 
 
 





















- Heat exchanger definition 
 













- RGIBBS reactor 
 




















Figure ‎7-11. Torrefied wood pellets Stoichiometric calculations 
 
ultimate analysis % moles  (at 1 g) percentages refaring to total values based on C =1
C 0.545 0.045416667 0.353048117 1.000 n
H 0.0584 0.0584 0.453974533 1.286 m
O 0.39034 0.02439625 0.18964514 0.537 p
N 0.0058 0.000414286 0.003220465 0.009 q
S 0.00046 0.000014375 0.000111745 0.000 r
sum 0.128641577 1
Heating KJ/kg
LHV 20350 λ = 2.5
Required thermal input Kw
Po 15
Mass Flow Fuel 0.000737101 kg/s
C H O N S O2+3.76N2 results CO2 H2O N2 SO2
1.0000 1.2859 0.5372 0.0091 0.0003 1.0530 1.0000 0.6429 3.9640 0.0002
Flows stoichiometry Kg/s g/s mole/s
Fuel flow 0.000737101 0.7371 0.033687542 calculating for flame temp
C  (fuel in) 0.00040172 0.4017 0.033476658 O2 1.579565367
H  (fuel in) 4.30467E-05 0.0430 0.043046683 N2 9.910011992
O  (fuel in) 0.00028772 0.2877 0.017982494
N (Fuel in) 4.27518E-06 0.0043 0.00030537 fuel kj/kmol 924.2291667
S (fuel in) 3.39066E-07 0.0003 1.05958E-05 hfco2 -393520
O2 (from air) 1.1281 0.03525238 hfh2o -241820
Air 4.8413 0.167868477 sum 636264.2292
N2 (from air) 3.7114 0.13254895
Air/Fuel ratio stoich 6.568066806
O2 and air /kg fuel kg
m O2 1.530
m Air 6.567
Total flow with λ g/s kg/s
Air 12.103 0.012103317
O2 2.820 0.00282019
N2 stochiometry 3.716 0.003715646
O2 Excess 1.6921 0.001692114




Figure ‎7-12. Olive stoichiometric calculations 
 
ultimate analysis % moles  (at 1 g) percentages refaring to total values based on C =1
C 0.525 0.04375 0.314172044 1.000 n
H 0.0702 0.0702 0.504111486 1.605 m
O 0.3939 0.02461875 0.176789098 0.563 p
N 0.0086 0.000614286 0.004411232 0.014 q
S 0.0023 0.000071875 0.00051614 0.002 r
sum 1 0.139254911 1
Heating KJ/kg
LHV 20150 λ = 2
Required thermal input Kw
Po 15
Mass Flow Fuel 0.000744417 kg/s
C H O N S O2+3.76N2 results CO2 H2O N2 SO2
1.0000 1.6046 0.5627 0.0140 0.0016 1.1206 1.0000 0.8023 4.2205 0.0008
Flows stoichiometry Kg/s g/s mole/s
Fuel flow 0.000744417 0.7444 0.032927144 calculating for flame temp
C  (fuel in) 0.000390819 0.3908 0.032568238 O2 1.120607143
H  (fuel in) 5.22581E-05 0.0523 0.052258065 N2 8.441006531
O  (fuel in) 0.000293226 0.2932 0.018326613
N (Fuel in) 6.40199E-06 0.0064 0.000457285 fuel kj/kmol 881.5625
S (fuel in) 1.71216E-06 0.0017 5.3505E-05 hfco2 -393520
O2 (from air) 1.1679 0.0364962 hfh2o -241820
Air 5.0121 0.17379143 sum 636221.5625
N2 (from air) 3.8423 0.137225713
Air/Fuel ratio stoich 6.73298125
O2 and air /kg fuel kg
m O2 1.568
m Air 6.728
Total flow with λ g/s kg/s
Air 10.024 0.01002429
O2 2.336 0.002335757
N2 stochiometry 3.849 0.003848722
O2 Excess 1.1679 0.001167878




Figure ‎7-13. Wood stoichiometric calculations 
 
ultimate analysis % moles  (at 1 g) percentages refaring to total values based on C =1
C 0.512 0.042666667 0.323108695 1.000 n
H 0.0628 0.0628 0.475575611 1.472 m
O 0.42394 0.02649625 0.200652393 0.621 p
N 0.0012 8.57143E-05 0.000649102 0.002 q
S 0.00006 0.000001875 1.41991E-05 0.000 r
sum 0.132050506 1
Heating KJ/kg
LHV 19060 λ = 2.5
Required thermal input Kw
Po 15
Mass Flow Fuel 0.000786988 kg/s
C H O N S O2+3.76N2 results CO2 H2O N2 SO2
1.0000 1.4719 0.6210 0.0020 0.0000 1.0575 1.0000 0.7359 3.9772 0.0000
Flows stoichiometry Kg/s g/s mole/s
Fuel flow 0.000786988 0.7870 0.033620536 calculating for flame temp
C  (fuel in) 0.000402938 0.4029 0.033578174 O2 1.586231689
H  (fuel in) 4.94229E-05 0.0494 0.049422875 N2 9.942896415
O  (fuel in) 0.000333636 0.3336 0.020852243
N (Fuel in) 9.44386E-07 0.0009 6.74562E-05 fuel kj/kmol 813.2266667
S (fuel in) 4.72193E-08 0.0000 1.4756E-06 hfco2 -393520
O2 (from air) 1.1363 0.035508509 hfh2o -241820
Air 4.8765 0.16908814 sum 636153.2267
N2 (from air) 3.7383 0.133511995
Air/Fuel ratio stoich 6.196408472
O2 and air /kg fuel kg
m O2 1.444
m Air 6.196
Total flow with λ g/s kg/s
Air 12.191 0.012191255
O2 2.841 0.002840681
N2 stochiometry 3.739 0.00373928
O2 Excess 1.7044 0.001704408




Figure ‎7-14. Straw stoichiometric calculations
ultimate analysis % moles  (at 1 g) percentages refaring to total values based on C =1
C 0.463 0.038583333 0.315969435 1.000 n
H 0.0533 0.0533 0.43648823 1.381 m
O 0.47407 0.029629375 0.242643029 0.768 p
N 0.0074 0.000528571 0.004328616 0.014 q
S 0.00223 6.96875E-05 0.00057069 0.002 r
sum 0.122110967 1
Heating KJ/kg
LHV 16620 λ = 2.5
Required thermal input Kw
Po 15
Mass Flow Fuel 0.000902527 kg/s
C H O N S O2+3.76N2 results CO2 H2O N2 SO2
1.0000 1.3814 0.7679 0.0137 0.0018 0.9623 1.0000 0.6907 3.6251 0.0009
Flows stoichiometry Kg/s g/s mole/s
Fuel flow 0.000902527 0.9025 0.035161104 calculating for flame temp
C  (fuel in) 0.00041787 0.4179 0.034822503 O2 1.4434402
H  (fuel in) 4.81047E-05 0.0481 0.048104693 N2 9.06268293
O  (fuel in) 0.000427861 0.4279 0.026741313
N (Fuel in) 6.6787E-06 0.0067 0.00047705 fuel kj/kmol 641.255
S (fuel in) 2.01264E-06 0.0020 6.28949E-05 hfco2 -393520
O2 (from air) 1.0723 0.033509467 hfh2o -241820
Air 4.6020 0.159568891 sum 635981.255
N2 (from air) 3.5279 0.125995596
Air/Fuel ratio stoich 5.098979236
O2 and air /kg fuel kg
m O2 1.187
m Air 5.094
Total flow with λ g/s kg/s
Air 11.505 0.011504917
O2 2.681 0.002680757
N2 stochiometry 3.535 0.003534555
O2 Excess 1.6085 0.001608454
N2 added with excess air 5.294
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